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ABSTRACT
T h is  d i s s e r t a t i o n  ex am in e s th e  p ro b lem  o f  p la n e  s t r a i n  f r a c t u r e  
t e s t i n g  o f  cem en ted  m a t e r i a l  o f  c o n s t r u c t i o n .  Two ty p e s  o f  cem en ted  
m a t e r i a l s  w ere  s e l e c t e d  f o r  s tu d y ,  nam ely  a  P o r t l a n d  cem en t m o r ta r ,  
and  a  g a p -g ra d e d  a s p h a l t  m ix . W hile  much w ork  h a s  b e e n  done in  th e  
m e t a l l i c  f i e l d  on th e  d e v e lo p m e n t o f  s u i t a b l e  t e s t  c r i t e r i a  f o r  v a l id  
f r a c t u r e  t e s t i n g  o f  a  m a t e r i a l ,  no u n ifo rm  a p p ro a c h  to  t h e  f r a c t u r e  
t e s t i n g  o f  n o n - m e t a l l i c  m a t e r i a l s  h a s  b e e n  d e v e lo p e d , w i th  th e  r e s u l t  
t h a t  d i f f e r i n g  and o f t e n  d iv e r g e n t  te c h n iq u e s  o f  f r a c t u r e  t e s t i n g  
h a v e  be en  u s e d .  I n  a d d i t i o n ,  t h e  d i r e c t  and l o g i c a l  a p p l i c a t i o n  
o f  F r a c tu r e  M ech an ics  f u n d a m e n ta ls  to  cem en ted  m a t e r i a l s  i s  s e v e r e ly  
l a c k in g .  The w ork  o f  t h i s  d i s s e r t a t i o n  a im s a t  s t u d y in g  th e  b a s i c  • 
f r a c t u r e  m echanism s and p r o p e r t i e s  o f  cem en ted  m a t e r i a l s  o f  c o n s t r u c ­
t i o n ,  and a p p ly in g  th e  r e s u l t s  t o  th e  d e v e lo p m e n t o f  i n i t i a l ,  t e n t a t i v e  
t e s t  c r i t e r i a  f o r  th e  v a l i d  f r a c t u r e  t e s t i n g  o f  Such m a t e r i a l s .
An u n d e rs t a n d in g  o f  th e  f r a c t u r e  m echanism s o f  a  m a t e r i a l  and th e  
f a c t o r s  i n f lu e n c in g  su c h  m echan ism s i s  th e  f i r s t  l o g i c a l  s t e p  to w a rd s  
a p p ly in g  f r a c t u r e  t e s t i n g  m e thods i n  th e  d e v e lo p m e n t o f  new and 
im proved  m a te r i a l s  f o r  c o n s t r u c t i o n  p u r p o s e s .
A b ro ad  ba ck g ro u n d  s tu d y  o f  th e  F r a c tu r e  M e ch a n ics  a p p ro a c h  to  th e  
s t r e n g t h  o f  m a te r i a l s  i s  f i r s t  p r e s e n t e d ,  f o l lo w e d  by a  b r i e f  l i t e r a t u r e  
r e v ie w  o f  a p p l i c a t i o n s  t h i s  a p p ro a c h  to  common cem en ted  m a t e r i a l s .
A t h e o r e t i c a l  and d ia g ra m m a tic  t r e a tm e n t  o f  c r a c k  p r o p a g a t io n  in  
v a r io u s  m odel m a te r i a l s  th e n  f o l lo w s ,  and  th e  v a r io u s  c o n c e p ts  a r e  
u s e d  to  e x p la in  th e  f r a c t u r e  and in h e r e n t  s t r e n g t h  m echan ism s o f  
cem en ted  m a t e r i a l s .  W ith  th e  ba ck g ro u n d  o f  c o n c e p ts  a l r e a d y  p u t 
fo rw a rd  in  t r e a t i s e s  on th e  f r a c t u r e  t e s t i n g  o f  h ig h  s t r e n g t h  m e t a l l i c  
m a t e r i a l s ,  a  la b o r a to r y  t e s t  p ro g ra m  was i n i t i a t e d  i n  o r d e r  to  
d i s t i n g u i s h  and  i s o l a t e  th e  d i f f e r e n t  v a r i a b l e s  a f f e c t i n g  th e  f r a c t u r e  
b e h a v io u r  o f  Che cem e n t m o r ta r  sp e c im en s  s e l e c t e d  f o r  s tu d y .  The 
t e s t s  w ere  c o n d u c tc d  on  e d g e -n o tc h e d  b end  sp e c im e n s , and th e  r e s u l t s  
w ere  th e n  a n a ly s e d  to  p ro d u c e  th e  r e l e v a n t  f r a c t u r e  p a ra m e te r s  
(Kc> G^, y  ) •  A. m a jo r  p o r t i o n  o f  th e  w ork  was th e  d e v e lo p m e n t o f
s u i t a b l e  t e s t i n g  a p p a r a tu s  and a d e q u a te  in s t r u m e n ta t i o n  f o r  th e  
t e s t s .  S ix  . s e r i e s  o f  t e s t s  w ere  c o n d u c te d  i n  o r d e r  to  s tu d y  th e  
v a r io u s  e f f e c t s  on th e  m e asu re d  f r a c t u r e  p a ra m e te r s  o f  sp e c im en  
d im e n s io n s , t e s t i n g  m ach ine  s e t - u p  and lo a d in g  sy s te m , and r a t e  o f  
lo a d  a p p l i c a t i o n  d u r in g  a  t e s t .  I t  was a p p a r e n t  t h a t ,  i n  a d d i t i o n  
to  th e  s t r a i n  r a t e  u se d  f o r  a t e s t ,  and  t h e  d e g re e  o f  t e s t i n g  m ach ine  
s t i f f n e s s ,  t h e  s t a t e  o f  th e  s t r e s s / s t r a i n  f i e l d  a head  o f  th e  c ra c k  
t i p  i n  a  f r a c t u r e  sp e c im en  p r o fo u n d ly  in f lu e n c e d  th e  m e asu re d  f r a c t u r e  
to u g h n e s s  from  th e  t e s t .  The t e s t  r e s u l t s  a llo w e d  th e  m ore t r u l y  
p la n e  s t r a i n  s t a t e  o f  t e s t i n g  to  b e  d i s t i n g u i s h e d  f ro m  th e  p re d o m in a n tly  
p l a n e  s t r e s s  s t a t e .  The u s e  o f  d i f f e r e n t  n o tc h e s  and  lo a d in g  te c h n iq u e s  
a l s o  a llo w e d  a n  i n v e s t i g a t i o n  o f  th e  p o s t  c r a c k in g  b e h a v io u r  o f  th e  beam 
sp e c im e n s .
The t e s t  r e s u ,  - a te d  t h a t  th e  f r a c t u r e  p a r r  " s t e r s  e v a lu a te d
fro m  th e  t e s t s  v v a l id  e s t im a te s  o f  t h e  f r a c t u r e  to u g h n e s s  o f  
cem en ted  m a te r i a l s  i n  th e  p r e s e n c e  o f  n a t u r a l  o r  a r t i f i c i a l  n o tc h e s ,  
p r o v id e d  th e  s t a t e  o f  th e  s t r e s s  f i e l d  i n  th e  m a t e r i a l  was p r e d o m in a n tly  
one  o f  p la n e  s t r a i n .  P l a n e  s t r e s s  sp e c im en s  y i e ld e d  f r a c t u r e  
to u g h n e s s e s  t h a t  w ere  c o n s id e r a b ly  h ig h e r  th a n  th e  lo w e r  l i m i t  p la n e  
S t r a i n  v a l u e s .  Lower s t r a i n  r a t e s  u se d  d u r in g  th e  t e s t a  g e n e r a l l y  
ga v e  re d u c e d  f r a c t u r e  to u g h n e s s  v a lu e s  i n  c o m p a r iso n  to  ' f a s t '  t e s t s .
T h is  f a c t  h a s  a p p l i c a t i o n  in  th e  f r a c t u r e  t e s t i n g  o f  m a t e r i a l s  t o  b e  u se d  
in  s i t u a t i o n s  w here  Che d e f w m a t io n s  and lo a d in g s  a r e  t im e - d e p e n d e n t ,  
su c h  a s  ro a d  p a v e m e n ts . T hs p o s t - c r a c k in g  b e h a v io u r  o f  f r a c t u r e  
sp e c im en s  o f  cem en ted  m a te r i a l s ,  ia  p r o fo u n d ly  a f f e c t e d  by  th *  s t i f f n e s s  
o f  th e  lo a d in g  s y s te m , and u n r e p r e s e n ta t i v e  l o a d - d e f l e c t i o n  c u rv e s  a r e  
o b ta in e d  w here  ' s o f t ' t e s t  s e t - u p s  a r e  u s e d  w h ich  c an  f e e d  e n e rg y  b a ck  
i n t o  a  sp e c im en  a t  th e  c r i t i c a l  p o in t  o f  u n s t a b l e  c r a c k  p r o p a g a t io n .
I n i t i a l ,  t e n t a t i v e  c r i t e r i a  a r e  s u g g e s te d  f o r  th e  v a l id  f r a c t u r e  
t e s t i n g  o f  sp e c im en s  s i m i l a r  to  t h e  cem e n t m o r ta r  sp e c im en s  s tu d i e d  
in  th e  t e s t s .  T hese  c r i t e r i a  r e l a t e  to  minimum d im e n s io n a l  r a d io s  
f o r  th e  s p e c im e n s , o s  w e l l  a s  a  d im e n s io n a l  r a t i o  i n v o lv in g  a  p a r a ­
m e te r  th o u g h t t o  d e s c r ib e  th e  p s e u d o - p l a s t i c  zo n e  s i z e  i n  a sp e c im en .
T he d e v e lo p m e n t o f  s u i t a b l e  f r a c t u r e  t e s t  c r i t e r i a  f o r  cem en ted  m a te r i a l s  
w ould  p r o b a b ly  in v o lv e  s e p a r a t e  c r i t e r i a  b e in g  d e v e lo p e d  f o r  eac h  
p a r t i c u l a r  c l a s s  j f  cem en ted  m a t e r i a l ,  d u e  to  th e  w id e  ra n g e  o f  
b e h a v io u r  o f  su c h  m a t e r i a l s .  Many p ro b lem s re m a in  u n r e s o lv e d ,  and 
th e  f i e l d  o f  f r a c t u r e  t e s t i n g  o f  cem en ted  m a t e r i a l s  and s u i t a b l e  
a p p l i c a t i o n s  to  p r a c t i c a l  p ro b lem s i s  s t i l l  l a r g e l y ,  u n e x p lo re d .
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CHAPTER 1
INTRODUCTION: THE FRACTURE MECHANICS APPROACH IN
MATERIALS ENGINEERING
1 .1  F r a c tu r e  M echanics and M a te r ia l s  E n g in e e r in g
M a te r i a l s  S c ie n c e  c o n c e rn s  i t s e l f  w i th  a t te m p t in g  to  u n d e rs ta n d  why 
v a r io u s  m a te r i a l s  behave  a s  th e y  d o , and th e n  a p p ly in g  t h i s  know ledge 
b o th  i n  th e  b e t t e r  and more e f f i c i e n t  u s e  o f  e x i s t i n g  m a t e r i a l s ,  and 
i n  t h e i r  m o d i f ic a t io n  and im provem ent i n  o r d e r  to  make b e t t e r  m a t e r i a l s . 
I t  t h e r e f o r e  b r in g s  t o g e th e r  th e  i d e a s  o f  c h e m is try  and p h y s ic s ,  
w h ich  o f t e n  c e n t r e  on  th e  m o le c u la r  s c a l e ,  w i th  th o s e  o f  e n g in e e r in g ,  
d e a l in g  w ith  s t r u c t u r e s  on  a  m a c ro sc o p ic  s c a l e .  I t  i s  f a i r l y  s im p le  
to  d e s c r ib e  how a m a t e r i a l  b e h a v e s , by s u b je c t in g  i t  to  v a r io u s  t e s t s ,  
b u t  t h e  q u e s t io n s  a s  to  th e  r e a s o n s  why d i f f e r e n t  m a te r i a l s  have  
d i f f e r e n t  p r o p e r t i e s  need  to  be answ ered  to  h e lp  th e  e n g in e e r  i n  th e  
p r o p e r  u s e  o f  h i s  m a t e r i a l s .  I n  th e  l a s t  few  d e c a d e s , much new l i g h t  
h a s  be en  shed  on th e s e  q u e s t io n s  by  new a p p ro a c h e s  su c h  a s  th e  
L in e a r  E l a s t i c  F ra c tu te .  M echan ics  a p p ro a c h , w ith  i t s  r e l a t e d  c o n c e p ts  
o f  s t r e s s  r a i s e r s  and c ra c k  p r o p a g a t io n .  K nowledge a b o u t th e  
m o le c u la r  s t r u c t u r e  o f  m a t e r i a l s ,  in c lu d in g  th e  c h e m ic a l and p" / s i c a l  
bonds be tw een  a tom s and m o le c u le s ,  i s  n o t  s u f f i c i e n t  on  i t s  own to  
e x p la in  th e  b e h a v io u r  o f  e n g in e e r in g  m a t e r i a l s .
When a f o r c e  i s  a p p l ie d  to  any  m a t e r i a l ,  th e  i n d iv i d u a l  a tom s and 
m o le c u le s  r e a c t  to  oppose  th e  f o r c e  by m eans o f  t h e i r  own in te r a to m ic  
bond f o r c e s .  T h e o r e t i c a l l y ,  t h e r e  i s  a  l i m i t  to  th e  in t e r a to m ic  
f o r c e s  p r e v e n t in g  s e p a r a t i o n  o f  th e  a tom s in  a m a te r i a l  u n d e r  t e n s io n ,  
and when t h i s  l im i t i n g  in t e r a to m ic  f o rc e  i s  exce ed e d  by  th e  a p p l ie d  
t e n s io n ,  th e  i n a te r ia l  w i l l  ’ b r e a k ' o r  c le a v e  o r  f a i l .  A s im p l i f i e d  
c o n s id e r a t i o n  o f  th e  f o r c e s  b in d in g  a tom s to g e th e r  i n  a s o l i d  g iv e s  
u s  an e s t im a te  o f  th e  t h e o r e t i c a l  t e n s i l e  s t r e n g th  o f  a m a t e r i a l ,  v iz
"u - d.w
T h is  m eans t h a t  t h e o r e t i c a l l y  I d e a l  m a te r i a l s  s h o u ld  f a i l  u n d e r  a 
t e n s i l e  s t r e s s  a p p ro x im a te ly  u q u a l to  o n e - te n th  o f  th e  Y oung 's 
M odulus o f  th e  m a t e r i a l ,  o r  a t  a  t e n s i l e  s t r a i n  o f  10 p e r  c e n t .
T h is  a n a ly s i s  a p p ro a c h e s  th e  s u b j e c t  u s in g  th e  s t r e n g th  o f  c h em ic a l 
b o n d s , and we m ig h t e x p e c t  t h e  e n g in e e r in g  s t r e n g th s  o f  m a te r i a l s  
to  b e  p r o p o r t i o n a l  to  th e  c h em ic a l bond s t r e n g th s  e x i s t i n g  b e tw een  
th e  a to m s. H ow ever, t h i s  i s  d e m o n s tra b ly  n o t  s o , a c t u a l  s t r e n g th s  
o f t e n  b e in g  o r d e r s  o f  m a g n itu d e  low er t h in  t h e o r e t i c a l  s t r e n g th s .  
T ab le  1 ,1  be low  shows how th e  a c tu a l  t e n s i l e  s t r e n g th s  o£ some common 
e n g in e e r in g  and o th e r  m a te r i a l s  f a l l  f a r  be low  t h e i r  t h e o r e t i c a l  
s t r e n g th s .
T a b le  1 .1 Some T y p ic a l  V a lu es  o f  P r e d ic t e d  and 
A c ru a l S t re n g th s  o f  M a te r ia l s
Y o u n g 's  M odulus P r e d ic t e d
S t re n g th
(MPa)
S t re n g th
(MPa)
I r o n  W hiskers
M ild  S t e e l
H igh  T e n s i le  S t e e l
A usform ed S t e e l  W ire
A nnea led  Copper
Drawn C opper W ire
A lum inium
Ceme & C o n c re te
H ardw ood, a lo n g  g r a in
H ardw ood, a c r o s s  g r a in
B ulk  G la s s
P a r a l l e l  F i b r e g la s s
P o l y e s t e r
200 000 
200 000 
210 000 
210 000 
210  000 
120  000 
120 000
F u r th e rm o re , th e r e  i s  no d e f i n i t e  r e l a t i o n s h i p  b e tw ee n  c h em ic a l and 
m e c h a n ic a l s t r e n g th s  o f  a m a t e r i a l .  L in k e d  to  a l l  t h i s  i s  th e  
c o n c e p t  o f  d u c t i l e  and b r i t t l e  f a i l u r e  o f  m a t e r i a l s , a l lo w in g  
m a te r i a l s  to  b e  g rouped  i n t o  two b ro a d  c l a s s e s t h o s e  m a te r i a l s  
w h ich  e x h ib i t  c o n s id e r a b le  d e fo rm a tio n  and p l a s t i c  f lo w  b e f o r e  f a i l u r e .
i . e .  d u c t i l e  m a t e r i a l s ;  and th o s e  m a te r i a l s  w hich  f a i l  w i th  l i t t l e  
Or no p l a s t i c  d e fo r m a tio n , i . e .  b r i t t l e  m a t e r i a l s .  W hether a 
m a te r i a l  f a i l s  i n  a  d u c t i l e  o r  b r i t t l e  f a s h i o n  dep en d s upon te m p e r a tu re , 
s t r a i n - r a t t i ,  and b a s i c  f r a c t u r e  p r o p e r t i e s  auch  a s  n o t c h - s e n s i t i v i t y .
I n  g e n e r a l ,  th e  two f r a c t u r e  m echanism s p l a s t i c  d u c t i l e  f lo w  and 
b r i t t l e  c ra c k in g  a r e  a lw ays c o m p e tin g  to  b r e a k  a m a t e r i a l ,  and  th e  
m a t e r i a l  w i l l  succumb w h ic h ev e r  m echanism  i s  th e  w eaker?  i f  i t  
y i e l d s  b e f o r e  i t  c r a c k s ,  th e  m a t e r i a l  i s  d u c t i l e ;  i f  i t  c ra c k s  
b e f o r e  i t  y i e l d s  i t  i s  b r i t t l e .  T h is  d i s s e r t a t i o n  e s s e n t i a l l y  
d e a l s  w i th  th e  b r i t t l e  f r a c t u t e  o f  m a te r i a l s  and th e  f r a c t u r e  t e s t s  
E el a  te d  to  the, s tu d y  o f  th e  b r i t t l e  b e h a v io u r  o f  su c h  m a t e r i a l s .
1 .1 .1  G r i f f i t h ' s  C o n t r ib u t io n s  
E a r ly  i n  t h i s  c e n tu r y ,  A .A . G r i f f i t h 1, i n  a s k in g  q u e s t io n s  such  as 
why s o l i d s  w ere  n o t  a s  s t r o n g  a s  th e y  o u g h t to  b e  u se d  th e  c o n c e p t 
o f  e n e rg y  c o n s e r v a t io n  t o  r e l a t e  Che s t r a i n - e n e r g y  s to r e d  i n  a  lo a d e d  
sp e c im en  to  th e  s u r f a c e  e n e rg y  o f  th e  f r a c t u r e  s u r f a c e s  w h ich  a re  
p ro d u ce d  when th e  s o l i d  f r a c t u r e s .  . He p ro p o sed  t h a t  th e  s t r a i n -  
e n e rg y  i s  c o n v e r te d  i n t o  s u r f a c e  e n e rg y  when a b r i t t l e  m a te r ia l  
f a i l s .  He showed t h a t  th e  s t r e s s  r e q u i r e d  to  j u s t  s e p a r a t e  two 
l a y e r s  o f  a tom s x  cm a p a r t  i n  th e  m a te r i a l  was
U sin g  dhe e q u a t io n ,  th e  s t r e n g t h  o f  o r d in a r y  m a te r i a l s  i s  p r e d ic te d  
to  b e  a b o u t te n  to  one  hun d red  tim e s  g r e a t e r  th a n  t h e i r  a c t u a l  b u lk  
S t r e n g th .  D u rin g  h i s  c l a s s i c  w ork on th e  t e n s i l e  s t r e n g th  o f  t h in  
g l a s s  f i b r e s ,  G r i f f i t h  found  t h a t  th e  t h in n e r  th e  f i b r e  h e  t e s t e d ,  
th e  g r e a t e r  was i t s  s t r e n g r h .  I n  f a c t ,  th e  e x t r a p o la t e d  s t r e n g th  
v a lu e  f o r  f i b r e s  o f  n e a r  a e r o  d ia m e te r  v e ry  c lo s e l y  a p p ro x im ate d  th e  
t h e o r e t i c a l  s t r e n g th  p r e d i c t e d  by h i s  t e n s i l e  s t r e n g th  e q u a t io n .  
A f t e r  th u s  d e m o n s tr a t in g  t h a t  th e  t h e o r e t i c a l  s t r e n g th  c o u ld  be 
a p p ro x im ate d  e x p e r im e n ta l ly  in  a t  l e a s t  one  c a s e ,  lie w en t on to  
p o s t u l a t e  why th e  b u lk  s t r e n g th  o f  g la s s  f e l l  f a r  be low  i t s  i d e a l  
s t r e n g th .
G r i f f i t h  r e a l i s e d  t h a t  th e  s t r e n g th s  o f  common m a te r i a l s  w ere 
d e p e n d e n t,  n o t  p r im a r i l y  on t h e i r  in t e r a to m ic  bond s t r e n g t h s ,  b u t 
r a t h e r  on w eakening  m echanism s in h e r e n t  i n  th e  m a t e r i a l ,  Such as
( 1 . 2)
m ic ro s c o p ic  c ra c k s  and f la w s  o f  m in u te  d im e n s io n s . W hile  i n t e r i o r  
c ra c k s  c o u ld  e x i s t ,  i t  was Orowan who showed c o n c lu s i v e ly  t h a t  th e  
m ore im p o r ta n t  c ra c k s  c a u s in g  th e  w eaken ing  o f  th e  m a te r i a l  l a y  on 
th e  s u r f a c e  o f  th e  m a t e r i a l ,  (See  r e f .  2 , p p . 115 -  117)
Any su c h  f la w  o r  s h a rp  r e - e n t r a n t  c a u se s  s e v e r e  s t r e s s  c o n c e n t r a t io n s  
a ro u n d  i t s  t i p ,  and th e  l o c a l  bonds a t  Che c ra c k  t i p  become o v e r ­
s t r e s s e d  lo n g  b e f o r e  th e  w hole  m a te r i a l  i s  s e v e r e ly  s t r e s s e d .  T hese  
o v e r - s t r e s s e d  b onds b re a k  one  by  one  a s  th e  c ra c k  g ro w s . I n  a b r i t t l e  
m a te r i a l  th e n , a  c ra c k  i s  r e a l l y  a m echanism  w h ich  e n a b le s  a weak 
e x t e r n a l  f o rc e  to  b re a k  even  th e  s t r o n g e s t  c h em ic a l bonds one by o n e . 
The c ra c k  r u n s  th ro u g h  th e  m a te r i a l  u n t i l  t o t a l  f a i l u r e  o c c u r s ,  a t  
s t r e s s  l e v e l s  f a r  be low  th e  t h e o r e t i c a l  s t r e n g t h .  Such w eakening  
m echanism s a s  c ra c k s  a r e  e a sy  to  v i s u a l i s e  i n  a  b r i t t l e  m a t e r i a l ,  
w h ich  w i l l  u s u a l ly  f a i l  c a t a s t r o p h i c a l l y .  H ow ever, n o t  a l l  m a te r i a l s  
f a i l  i n  t h i s  m anner, by th e  sp re a d  o f  a  c ra c k  from  some l o c a l  d e f e c t .  
A n o th e r  m echanism  o f  f r a c t u r e  a l r e a d y  m en tio n ed  i s  t h a t  o f  p l a s t i c  
f lo w , w here  th e  m a te r i a l  f a i l s  by f lo w in g  in  s h e a r .  A t norm al 
te m p e ra tu re s  and f o r  m a te r i a l s  t h a t  a r e  b r i t t l e  a t  t h a t  t e m p e r a tu re ,  
th e  s t r e s s  needed  to  f r a c t u r e  a m a te r i a l  by f lo w  may tie  v e ry  h ig h , 
and th u s  m a te r i a l s  l i k e  g l a s s ,  c e ra m ic s  and cem ent p a s t e s  a r e  more 
s u s c e p t ib l e  to  b r i t t l e  f r a c t u r e  a t  n o rm a l te m p e r a tu re s ,
1 .2  t h e  M a th em atica l and P h y s ic a l  B a s is  o f  th e  F r a c tu r e  
M echanics A pproach 
I t  i s  p o s s ib l e  to  e n n u m erate  th e  p h y s ic a l  p r i n c i p l e s  g o v e rn in g  th e  
o c c u r re n c e  and s p r e a d in g  o f  f la w s  and s t r e s s  r a i s e r s  i n  a  m a t e r i a l ,  
and e x p re s s  th e s e  i n  m a th e m a tic a l t e rm s , P h y s i c a l ly ,  two c o n d i t io n s  
m ust b e  f u l f i l l e d  f o r  a c ra c k  to  p r o p a g a te .  F i r s t l y ,  i t  m ust be 
e n e r g e t i c a l l y  d e s i r a b l e , and s e c o n d ly  th e r e  m u st b e  a  m o le c u la r  
m echanism  by w hich  th e  e n e rg y  tr a n s f o r m a t io n  can  o c c u r .
1 .2 .1  E n e r g e t ic  D e s i r a b i l i t y  f o r  a  C rack  to  P ro p a g a te  
T h is  c r i t e r i o n  i s  m a in ly  r e l a t e d  to  c ra c k  le n g th .  A c ra c k  w i l l  
p ro p a g a te  o n ly  when th e  f r e e  e n e rg y  o f  th e  sy s te m  i s  b e in *  c o n t in u a l ly  
lo w e re d  by th e  p r o p a g a t io n , i . e .  th e  e n e rg y  r e le a s e d  by th e  p r o p a g a tio n  
i s  s u f f i c i e n t  to  make f r a c t u r e  p o s s ib l e .  T h is  c r i t e r i o n  l e a d s  to  a 
r e l a t i o n s h i p  b e tw een  c ra c k  IcngL h and c r i t i c a l  s t r e s s  r e q u i r e d  f o r
p r o p a g a t io n ,  and  in c lu d e s  G r i f f i t h ' s  c r i t e r i o n  a s  a  s p e c i a l  c a se  
( s e e  b e lo w ). I n  a d d i t i o n ,  t h i s  c r i t e r i o n  i s  n e c e s s a r y , b u t  n o t  a lw ays 
s u f f i c i e n t  t o  e n s u re  f r a c t u r e .  I t  becomes s u f f i c i e n t ,  ho w ev e r, when 
th e  t a s k  o f  p a r t i n g  th e  a tom s a t  th e  c ra c k  t i p  i s  a cc o m p lish e d  by  some 
fo rm  o f  m o le c u la r  m echanism . The two ty p e s  o f  e n e rg y  t h a t  ne ed  to  be 
c o n s id e r e d ,  s t r a i n  e n e rg y  and s u r f a c e  e n e rg y  o f  th e  c r a c k ,  a r e  b o th  
d e p en d e n t on c ra c k  s i z e :  th e  fo rm er d e c r e a s in g ,  and th e  l a t t e r
i n c r e a s in g ,  w i th  i n c r e a s in g  c ra c k  l e n g th .  The c ra c k  p r o p a g a te s  o n ly  
when th e  r e l e a s e  o f  s t r a i n  e n e rg y  more th a n  c o m p en sa te s  th e  in c re a s e  
i n  s u r f a c e  e n e rg y .
C o n s id e r  th e  G r i f f i t h  c a s e  r e p r e s e n te d  in  F i g .  1 . 1 ( a ) ,  t h a t  o f  a 
s u r f a c e  c ra c k  in  a s o l i d  u n d e r  a  m a c r o s c o p ic a l ly  a p p l ie d  t e n s i l e  s t r e s s  
A f a i r l y  s im p le  a n a ly s i s  u t i l i s i n g  th e  above  c r i t e r i o n  g iv e s  t h a t  th e  
s t r e s s  r e q u i r e d  to  j u s t  c a u se  th e  c ra c k  to  p ro p a g a te ,  t h a t  i s ,  th e  
b r e a k in g  s t r e s s  o r  b u lk  t e n s i l e  s t r e n g th  o f  th e  m a t e r i a l ,  i s
( G r i f f i t h  F o rm ula  f o r  P la n e  S t r e s s )
M ote : The same r e s u l t  a p p l i e s  to  an  i n t e r n a l  c ra c k  a s  i n  F ig .  1 .1 ( b ) ,  
The e q u a t io n  i s  d e p e n d e n t on a c h a r a c t e r i s t i c  c ra c k  l e n g th ,  c .
I t  i s  im p o r ta n t  to  s t r e s s  th e  a s su m p tio n s  in v o lv e d  i n  d e r iv in g  
G r i f f i t h ' s  F o rm u la :-
(1 ) The m a te r i a l  i s  a  p e r f e c t l y  e l a s t i c ,  s o l i d  Hookean m a t e r i a l .  
I n  p a r t i c u l a r ,  i t  i s  l i n e a r l y  e l a s t i c  r i g h t  to  the. p o in t  o f  
b r i t t l e  f a i l u r e .
(2 ) The volum e o f  d e s t r e s s e d  m a te r i a l  due  to  th e  p r e s e n c e  o f  th e  
c ra c k  i s  e q u a l to  h a l f  th e  volum e o f  an e l l i p s e  o f  m a jo r  a x i s  4 c .
(3 ) The s u r f a c e  e n e rg y  o f  th e  m a te r i a l  i s  a  l i n e a r  f u n c t i o n  o f  
th e  c ra c k  le n g th  c .
E q u a t io n  ( 1 .3 )  i s  b e s t  e x p la in e d  by  means o f  P ig .  1 .2 ,  i n  w hich  th e  
s u r f a c e  e n e rg y  r e q u ir e m e n t  and th e  e l a s t i c  e t r a in - e n e r g y  r e l e a s e  a re  
p l o t t e d  a s  a f u n c t i o n  o f  c .
The m ain p o in t s  a r e  sum m arised  b e lo w :-
( a )  The r e l e a s e  o f  s t r a i n  e n e rg y  i s  p r o p o r t i o n a l  to  th e  sq u a re  
o f  th e  c ra c k  d e p th ,  w h ile  th e  s u r f a c e  e n e rg y  i n c r e a s e s  i n  d i r e c t  
p r o p o r t io n  to  th e  c ra c k  d e p th .  T h e r e fo r e ,  th e  r a t o  o f  r e l e a s e  
o f  s t r a i n  e n e rg y  in c r e a s e s  w ith  in c r e a s in g  c ra c k  d e p th ,  w h ile  th e  
r a t e  o f  demand o r  in c r e a s e  o f  s u r f a c e  e n e rg y  i s  c o n s ta n t .
( 1 .3 )
sFi
g.
 1
.1
(a)
 
s
u
rf
a
ce
 
c
ra
c
k
, 
g
p
if
fi
th
 
ca
se
t 
IF
iG
ijj
b)
 I
n
te
rn
a
l,
 c
ra
c
k
 
G
ri
ff
it
h
 
C
^
se
N o te : D ia e jram  R e p r e t e n t e lh b a .r» o ' E U iptleuul Cro-c-k
In c re a s e
T o ta l  E n e r g u  
d u e  t o  C rae-t,
Fi-ee. of-
Sijske.m kci'mg Lowertci
n e r 5 y
E ta e t l e  S tra in -E T rw .rg^  
R e le a s - e  - 5 S ± £ .1C  r a c k
S'boble C rack  G r o w th ^  S p o n j t
D e c r e a s e
For Saiisfactaru Remits
C r a c k  H a l f -  L e n g t h  c
R & . 1 .2  C r a c k  P k o b a s a t i o n  t o r  t h e  I d e a l
G r i f f i t h  C a s e
(b ) H ence, a  sh a l lo w  c ra c k  consum es m ore e n e rg y  a s  s u r f a c e  e n e rg y  
Chan i t  r e l e a s e s  a s  s t r a i n  e n e rg y , u n c i l  a  c r i t i c a l  c ra c k  le n g th  
c i  i s  re a c h e d , c a l l e d  th e  p o in t  o f  i n s t a b i l i t y , w here  th e  c ra c k  
b e g in s  to  r e l e a s e  more e n e rg y  chan i t  consum es . S t a b le  c ra c k  
g row th  o c c u r s  f o r  c < c i ,  w h erea s  u n s t a b l e ,  sp o n ta n e o u s  c ra c k  
p r o p a g a tio n  o c c u r s  f o r  O c j ,
■ ( c )  T here  i s  a c r i t i c a l  G r i f f i t h  c ra c k  le n g th  f o r  e a c h  s t r e s s
l e v e l  i n  th e  m a t e r i a l .  C r i t i c a l  c ra c k  l e n g t h s . a r e  o f t e n  v e ry  
s m a l l ,  and c o n c r e te  has  a  r e l a t i v e l y  l a r g e  c r i t i c a l  c ra c k  le n g th ,  
o f  Che o r d e r  o f  a few  m i l l im e t r e s .
A t l e v e l s  o f  s t r e s s  w hich  a r e  o f  i n t e r e s t  i n  e n g in e e r in g ,  a l l  b u t  th e  
s m a l l e s t  c ra c k s  have  an  e n e r g e t i c  i n c e n t i v e  to  p r o p a g a te  i f  th e y  c a n . 
The q u e s t io n  now i s ,  do th e y  h av e  a  m echanism  f o r  d o in g  so?  I s  th e r e  
some way o f  a c t u a l l y  c o n v e r t in g  th e  e n e rg y  from  one fo rm  i n t o  a n o th e r ?  
What d i s t i n g u i s h e s  a to u g h  from  a  b r i t t l e  m a te r i a l  i s  th e  m echanism  f o r  
im p lem e n tin g  th e  e n e rg y  c h an g e . T h is  m echanism  i s  d e s c r ib e d  be low .
1 .2 .2  M echanism  o f  C rack  P ro p a g a tio n
The m echanism  f o r  c ra c k  p r o p a g a t io n  i s  th e  s t r e s s  c o n c e n t r a t i o n ,  w hich 
a t  th e  t i p  o f  a c ra c k  i s  a p p ro x im a te ly  g iv e n  by
'-'JT
w here  c  = th e  d e p th  c-f a  c r a c k  p ro c e e d in g  in w a rd s  from  a s u r f a c e ,  o r  
Che h a l f - l e n g th  o f  an  i n t e r n a l  e l l i p t i c a l  c r a c k ,  and r  = th e  t i p  
r a d i u s .  Tn a t y p i c a l  b r i t t l e  m a t e r i a l ,  r  rem a in s  c o n s ta n t  w h a tev e r  
c  i s ,  As th e  c ra c k  g ro w s , c  i n c r e a s e s ,  th e  s t r e s s  c o n c e n t r a t io n  
i n c r e a s e s ,  and  th e  e n e rg y  b a la n c e  becom es m ore and  m ore fa v o u r a b le  
f o r  r a p id  c ra c k  p r o p a g a t io n .  T h e r e fo r e ,  u n d e r  s u s ta in e d  lo a d , 
and p r o v id e d  th e  m echanism  f o r  c ra c k  p r o p a g a t io n  e x i s t s ,  w h ich  i s  
u s u a l ly  th e  c a s e  i n  b r i t t l e  m a t e r i a l s ,  th e  c ra c k  r a p id l y  a c c e l e r a t e s  
to  f a i l u r e .
1 . 2 . 3  The E f f e c t i v e  F r a c tu r e  S u r fa c e  E nergy  C oncep t
The G r i f f i t h  C r i t e r i o n  ( 1 .3 )  i n  th e  fo rm  a /c"  H c o n s ta n t  h o ld s  ;Sor a 
g r e a t  v a r i e t y  o f  m a t e r i a l s ,  b o th  b r i t t l e  and  s e m i - b r i t t l e  m e ta ls  and 
n o n - m e ta ls .  However, e q u a t io n  ( 1 .3 )  i s  d e p e n d e n t oi. th e  a ssu m p tio n  
t h a t  Che m a te r i a l  i s  l i n e a r l y  v l u s t i c  r i g h t  to  Che p o in t  o f  f a i l u r e ,
i . e .  a  p e r f e c t l y  b r i t t l e  m a t e r i a l .  T h is  U  n o t  g e n e r a l l y  t r u e  
s in c e  m ost m a te r i a l s  e x h i b i t  some d u c t i l i t y  ( p l a s t i c  o r  pseudo ­
p l a s t i c  d e fo rm a tio n )  b e f o r e  f a i l u r e .  The e n e rg y  b a la n c e  th e n  
a c t u a l l y  e x i s t s  be tw een  th e  e l a s t i c  e n e rg y  r e l e a s e  and th e  t o t a l  
w ork done i n  p r o p a g a tin g  th e  c r a c k 3 . T h is  t o t a l  w ork in c lu d e d  th e  
s u r f a c e  f r e e  e a rg y  o f  th e  f r a c t u r e  s u r f a c e s ,  a s  w e l l  a s  th e  p l a s t i c  
w ork i r r e c o v e r a b ly  consum ed a t  th e  c ra c k  t i p  d u r in g  p r o p a g a tio n ,  and 
any o c h e r  e n e rg y -a b s o r b in g  m echanism s u n a v o id a b ly  l in k e d  w ith  
f r a c t u r e  lf' 5 . M a th e m a ti c a l ly ,  we. c an  w r i te
T “ Y+Yp (1-S)
w here  y r e p r e s e n t s  th e  t o t a l  w ork o f  f r a c t u r e , and i s  c a l l e d  th e  
e f f e c t i v e  f r a c t u r e  s u r f a c e  e n e r g y ; y  r e p r e s e n t s  th e  f r e e  s u r fa c e  
e n e rg y  o f  th e  m a t e r i a l ,  and r e p r e s e n t s  p l a s t i c  w ork p lu s  any o th e r  
w ork r e q u ir e d  f o r  f r a c t u r e .  W ith  y  s u b s t i t u t e d  f o r  y  i n  e q u a t io n
( 1 .3 ) ,  a</c = c o n s t a n t  shows good a g re em e n t w ith  e x p e r im e n ta l  e v id e n c e  
f o r  boch  m e ta ls  and n o n - m e ta ls 6 . U s u a l ly ,  Vp >>Y> p a r t i c u l a r l y  f o r  
m e ta l s ,  and t h i s  shows up  th e  in a d eq u a cy  o f  u s in g  p u r e ly  th e  s u r fa c e  
e n e rg y  a p p ro a c h . H ence , d e p en d in g  on th e  a b i l i t y  o f  th e  m a te r i a l  
to  de fo rm  p l a s t i c a l l y  o r  p a e u d o - p l a s t i c a l l y ,  we can  w r i t e  y  = y ^ ,  
and ch an g es i n  s u r f a c e  e n e rg y  o f t e n  h av e  v e ry  l i t t l e  e f f e c t  on f r a c t u r e  
to u g h n e s s .  B r i t t l e  m a te r i a l s  w ith  t h e i r  l a c k  o f  p l a s t i c i t y  c a n n o t 
r e l i e v e  l o c a l i s e d  h ig h  s t r e s s  c o n c e n t r a t io n s  a t  c r a c k  t i p s ,  and a re  
l e s s  to u g h  th a n  d u c t i l e  m a te r i a l s .
1 .2 .4  E v a l u a t io n  o i  th e  G r i f f i t h  A pproach 
A ssum ing random  d i s t r i b u t i o n  o f  f la w s  and c ra c k s  o f  m ic ro sc o p ic  s i z e  
in  a m a t e r i a l ,  G r i f f i t h  p r e d i c t s  t h a t  th e  m a te r i a l  w i l l  f r a c t u r e  
a t  a  c r i t i c a l  s t r e s s  l e v e l  w ith  a  c o rre s p o n d in g  c r i t i c a l  fcnergy l e v e l ,  
b o th  d e p en d e n t on a c h a r a c t e r i s t i c  f la w  s i z e  f o r  th e  m a t e r i a l .  The 
G r i f f i t h  F o rm u la  ( 1 .3 )  w i th  th e  g e n e r a l  i n t e r p r e t a t i o n  o f  y  h a s  become 
th e  s t a r t i n g  p o in t  f o r  th e  e n g in e e r in g  m e ch a n ics  o f  f m c t u r e  to u g h n e s s ,  
s in c e  i t  l e a d s  t o  a  p r o p e r ty  o f  th e  m a te r i a l  d e sc r ib in g ; i t s  f r a c t u r e  
to u g h n e s s  i n  th e  p r e s e n c e  o f  f la w s  and s t r e s s - r a i s e r s .  R easons f o r  
a c c e p t in g  G r i f f i t h ’ s c o n c e p t a r e : -
(1 ) I t  y i e l d s  n c o r r e c t  f u n c t i o n a l  r e l a t i o n s h i p  be tw een  s t r e s s
a t  f r a c t u r e  and c r i t i c a l  / l a w  s i z e  (o /c"  == c o n s t , ) .
(2 ) I t  p r e d i c t s  a  t h e o r e t i c a l  c o h e s iv e  s t r e n g th  f o r  m a te r i a l s
o f  th e  r i g h t  o r d e r  .o f  m a g n itu d e  ( 0 ,1 E ) ,  v e r i f i e d  by e x p e r im e n ts  on
i . e .  a  p e r f e c t l y  b r i t t l e  m a t e r i a l .  T h is  i s  n o t  g e n e r a l l y  t r u e  
s in c e  m oat m a te r i a l s  e x h i b i t  some d u c t i l i t y  ( p l a s t i c  o r  pseudo ­
p l a s t i c  d e fo rm a tio n )  b e f o r e  f a i l u r e .  The e n e rg y  b a la n c e  th e n  
a c t u a l l y  e x i s t s  b e tw een  th e  e l a s t i c  e n e rg y  r e l e a s e  and th e  t o t a l  
w ork  done in  p r o p a g a tin g  th e  c r a c k 3 . T h is  t o t a l  w ork in c lu d e s  th e  
s u r f a c e  f r e e  e n e rg y  o f  th e  f r a c t u r e  s u r f a c e s ,  a s  w e l l  a s  th e  p l a s t i c  
w ork i r r e c o v e r a b ly  consum ed a t  th e  c ra c k  t i p  d u r in g  p r o p a g a t io n ,  and 
any  o th e r  e n e rg y -a b s o r b in g  m echanism s u n a v o id a b ly  l in k e d  w ith  
f r a c t u r e  ‘t ' 5 . M a th e m a tic a l ly ,  we c an  w r i te
7 = Y+Yp (1 -5 )
w here  y  r e p r e s e n t s  th e  t o t a l  w ork o f  f r a c t u r e , and i s  c a l l e d  th e  
e f f e c t i v e  f r a c t u r e  s u r f a c e  e n e r g y ; y  r e p r e s e n t s  th e  f r e e  s u r f a c e  
energy  o f  th e  m a t e r i a l ,  and r e p r e s e n t s  p l a s t i c  w ork  p lu s  any  o th e r  
w ork  r e q u i r e d  f o r  f r a c t u r e .  W ith  y  s u b s t i t u t e d  f o r  y  i n  e q u a t io n
( 1 . 3 ) ,  . - /c  = c o n s ta n t  shows good a g re em e n t w ith  e x p e r im e n ta l  e v id e n c e  
f o r  b o th  m e ta ls  and n o n - m e ta ls 6 . U s u a l ly ,  Y p » ? ,  p a r t i c u l a . l y  f o r  
m e ta l s ,  and t h i s  shows up th e  in a d e q u a c y  o f  u s in g  p u r e ly  th e  s u r f a c e  
e n e rg y  a p p ro a c h . H ence, d e p en d in g  on th e  a b i l i t y  o f  th e  m a te r ia l  
Co de fo rm  p l a s t i c a l l y  o r  p s e u d o - p l a s t i c a l l y ,  we c an  w r i t e  y  -  Yp > 
and  ch an g es i n  s u r f a c e  e n e rg y  o f t e n  h a v e  v e ry  l i t t l e  e f f e c t  on f r a c t u r e  
to u g h n e s s .  B r i t t l e  m a te r i a l s  w i th  t h e i r  la c k  o f  p l a s t i c i t y  c a n n o t 
r e l i e v e  l o c a l i s e d  h ig h  s t r e s s  c o n c e n t r a t io n s  a t  c ra c k  t i p s ,  and a r e  
l e s s  tough  Chan d u c t i l e  m a te r i a l s .
1 .2 .4  E v a lu a t io n  o f  th e  G r i f f i t h  A pproach 
A ssum ing random  d i s t r i b u t i o n  o f  f la w s  and c ra c k s  o f  m ic ro sc o p ic  s i z e  
i n  a m a t e r i a l , G r i f f i t h  p r e d i c t s  t h a t  th e  m a te r i a l  w i l l  f r a c t u r e  
a t  a  c r i t i c a l  s t r e s s  l e v e l  w ith  a c o rre s p o n d in g  c r i t i c a l  e n e rg y  l e v e l ,  
b o th  d e p en d e n t on a c h a r a c t e r i s t i c  f la w  s i z e  f o r  th e  m a t e r i a l .  The 
G r i f f i t h  F o rm ula  ( 1 .3 )  w i th  th e  g e n e r a l  i n t e r p r e t a t i o n  o f  y  h a s  become 
th e  s t a r t i n g  p o in t  f o r  th e  e n g in e e r in g  m e ch a n ics  o f  f r a c t u r e  to u g h n e s s ,  
s in c e  i t  l e a d s  to  a p r o p e r ty  o f  th e  m a te r i a l  d e s c r ib in g  i t s  f r a c t u r e  
to u g h n e ss  i n  th e  p re se n c e  o f  f la w s  and s t r e s s - r a i s e r s .  R easons f o r  
a c c e p t in g  G r i f f i t h ' s  c o n c e p t a r e : -
(1 ) I t  y i e l d s  a c o r r e c t  f u n c t i o n a l  r e l a t i o n s h i p  b e tw een  s t r e s s
a t  f r a c t u r e  and c r i t i c a l  / lu w  s i z e  (cr/c* = c o n s t,) .
(2 ) I t  p r e d i c t s  a  t h e o r e t i c a l  c o h e s iv e  s t r e n g th  f o r  m a te r i a l s
o f  th e  r i g h t  o r d e r  o f  m a g n itu d e  ( 0 ,1 0 ) ,  v e r i f i e d  by e x p e r im e n ts  on
w h is k e r  c r y s t a l s .
R easons a g a in s t  a c c e p t in g  G r i f f i t h ' s  c o n c e p t a re :-1-
(1 ) The e lu s iv e n e s s  o f  a  s u i t a b l e  v a lu e  f o r  y  o r  y .
(2 ) Some d u c t i l e  m a te r i a l s  do n o t  o b e y  th e  r u l e s ,  im p ly in g
t h a t  G r i f f i t h  m ust b e  e  s p e c i a l  c a s e .
(3) I t  r e p r e s e n t s  an o v e r s i m p l i f i c a t i o n  <■>£ a  s e r i e s  o f  much
m ore c o m p lic a te d  phenom ena.
N e v e r th e le s s ,  th e  v e ry  s im p l i c i t y  o f  th e  F r a c tu r e  M echan ics  a p p ro a ch  
o f  G r i f f i t h  h a s  le d  to  i t s  a c c e p ta n c e  and a d v an c e .
1 .3  F r a c tu r e  M echanics P a ra m e te rs  G ^, K , ?
The G r i f f i t h  Form ula  w ith  th e  g e n e r a l  i n t e r p r e t a t i o n  o f  y  h a s  become 
th e  s t a r t i n g  p o in t  f o r  th e  e n g in e e r in g  m e ch a n ics  o f  f r a c t u r e  to u g h n e s s . 
I t  p r o v id e s  d e s ig n  e n g in e e r s  w ith  a  l o g i c a l  b a s i s  f o r  f i n d in g  l i m i t i n g  
s t r e s s e s , to  a v o id  f r a c t u r e ,  i n  te rm s  o f  a  p r o p e r ty  o f  t h e  m a te r i a l  
c a l l e d  i t s  ' f r a c t u r e  to u g h n e s s ' ,  and a  know ledge o f  n o tc h e s  o r  o c h e r  
s t r e s s - r a i s i n g  f la w s  i n  t h e  s t r u c t u r e .  The th r e e  f r a c t u r e  p a ra m e te r s  
o f  i n t e r e s t  h e re  a r e : -
(1 ) The F r a c tu r e  T oughness K_
(2) The C r i t i c a l  S t r a i n  E n erg y  R e le a s e  R a te
(3 ) The E f f e c t i v e  F r a c tu r e  S u r fa c e  E n erg y  =?
1 .3 .1  The P r a c tu r a  T o u g h n es s , o r  th e  C r i t i c a l  S t r e s s
The c o n c e p t o f  K depends on th e  s t r e s s  a n a ly s i s  o f  c ra c k s  i n  l i n e a r  
e l a s t i c  b o d ie s . K i s  m easu red  i n  te rm s o f  th e  o p e n in g  o r  c le a v a g e  
mode s t r e s s  i n t e n s i t y  f a c t o r  K. d e f in e d  by a n  e q u a t io n  su c h  a s  ( 1 .6 )  
b e lo w , w here  th e  c o o r d in a te s  and sym bols a r e  d e f in e d  i n  F i g .  1 .3 .
K h a s  th e  u n i t s  o f  s u tc a a  a , auu xa yiu«i.iieua.visi.y d e s ig n a t e d
to  i n d i c a t e  t h a t  th e  o p e n in g  mode o f  f r a c t u r e  i s  b e in g  c o n s id e r e d . 
C o r re s p o n d in g ly , th e  a l t e r n a t i v e  d e s ig n a t io n  o f  K i n  su c h  a  s i t u a t i o n  
i s  K jc . The s t r e s s  i n t e n s i t y  f a c t o r  K i s  r e l a t e d  o n ly  to  th e  lo a d in g
I n t e n s i t y  F a c to r ,  K
/ I F
(1. 6)
and geom etry  o f  th e  s t r u c t u r a l  e le m e n t.  A t th e  c r i t i c a l  p o in t  o f  
u n s ta b le  c ra c k  p r o p a g a t io n ,  K becom es K , th e  c r i t i c a l  s t r e s s  
i n t e n s i t y  f a c t o r .  K i s  a l s o  known a s  Che F r a c tu r e  T oughness o f  
th e  m a t e r i a l ,  and m e asu re s  th e  a b i l i t y  o f  th e  m a te r i a l  to  r e s i s t  
c ra c k  g ro w th . I n  a p p r o p r i a t e  c i r c u m s ta n c e s ,  K , o f  a m a te r i a l  co u ld  
b e  u se d  to  c a l c u l a t e  th e  lo a d  t h a t  a  s t r u c t u r a l  member c o n ta in in g  a 
f law  o f  known s i z e  c o u ld  s u s t a i n  w ith o u t  f r a c t u r e .  The im p o r ta n t  
d i s t i n c t i o n  be tw een  th e  m a th e m a tic a l q u a n t i t y  K and th e  m a te r i a l  
p r o p e r ty  K i s  s im i l a r  to  th e  d i s t i n c t i o n  b e tw een  s t r e s s  and s t r e n g th .
An im p o r ta n t  p r o p e r ty  o f  K i s  t h a t  th e  t o t a l  K v a lu e  due  to  s u p e r ­
im posed  s t r e s s  f i e l d s  i s  a  l i n e a r  a d d i t i o n  o f  th e  K -v a lu e s  o f  th e  
i n d iv i d u a l  s t r e s s - f i e l d s . I t  th u s  h a s  a p p l i c a t i o n  to  p rob lem s 
in v o lv in g  a  c o m b in a t io n  o f  lo a d in g s .
I n v e s t i g a t o r s  i n  th e  m e t a l l i c  f i e l d  ( e g . S raw ley , R e f .1 4 ) have 
re c o g n is e d  t h a t  th e  e v a lu a t io n  o f  K assum es a h ig h  d e g re e  o f  e l a s t i c  
c o n s t r a i n t  to  p l a s t i c  f lo w  o f  th e  m a te r i a l  a t  th e  c ra c k  t i p .  A p l a s t i c  
zone s i z e  f a c t o r  i s  u se d  a s  a c r i t e r i o n  f o r  t h i s  c o n d i t io n .  W here 
lo w e r  c o n s t r a i n t  o c c u r s  su c h  a s  i n  a  t h in  p l a t e ,  th e  e f f e c t i v e  
to u g h n e s s  o f  th e  m a te r i a l  c an  b e  s u b s t a n t i a l l y  g r e a t e r  th a n  K . T h is  
i s  b a s i c a l l y  a  p la n e  s t r e s s  /  p la n e  s t r a in -  r b lem , and th e  f r a c t u r e  
to u g h n e ss  a s  f a r  a s  m e t a l l i c  m a te r i a l s  a r e  < ,ied c an  a l t e r
eno rm ous ly  a c c o rd in g  a s  th e  e l a s t i c - p l a s t i c  . c r e s s  f i e l d  a head  o f  th e  
c ra c k  a p p ro x im a te s  to  p la n e  s t r e s s  o r  p la n e  s t r a i n  c o n d i t io n s .
K , t h e r e f o r e ,  im p l ie s  p la n e  s t r a i n  c o n d i t i o n s ,  i . e .  a  heavy  s e c t i o n  
w i th  a d e q u a te  d im e n s io n s . H o s t i n v e s t i g a t o r s  i n  th e  n o n - m e ta l l ic  . 
f i e l d  h av e  assum ed p la n e  s t r a i n  c o n d i t io n s  e x i s t  d u r in g  t e s t s  on 
n o tc h e d  sp e c im en s , and no q u a n t i t a t i v e  e v a lu a t io n  o f  p la n e  s t r e s s /  
s t r a i n  c o n d i t io n s  on K v a lu e s  f o r  n o n - m e t a l l ic  m a te r i a l s  seem s to  
h a v e  be en  done to  d a t e .  T h is  d i s s e r t a t i o n  a t te m p ts  to  b r i e f l y  
i n v e s t i g a t e  t h i s  p ro b lem  among o th e r s  ( s e e  l a t e r  S e c t io n  4 . 2 . 5 ) .
K th e r e f o r e  r e p r e s e n t s  a  lo w e r  bound s t r e n g th  e s t im a te , and c an  b e  
r e g a rd e d  a s  a b a s ic  m a te r i a l  p r o p e r ty .  An exam ple  o f  how, K can  
v a ry  i n  m e ta l s ,  d e p en d in g  on p la n e  s t r e s s  o r  p la n e  s t r a i n  c o n d i t io n s ,  
i s  g iv e n  in  F ig .  1 .4 .
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P l a n e  S t r e s s  a n d  P l a n e  S t r a i n  C o n d i t i o n s
( F ™  R . (  Z ? )
1 .3 .2  The C r i t i c a l  S t r a i n  E nergy  R e le a s e  R a te  G
F o r  a  c ra c k ,  e i t h e r  a d v a n c in g  from  th e  s u r f a c e  o r  p r o p a g a tin g  
i n t e r n a l l y  i n  a  m a t e r i a l ,  s t r a in - e n e r g y  i s  r e l e a s e d  by th e  c ra c k ,  
in  e x te n d in g  to  a le n g th  o f  c .  (S e e  F i g .  1 .2 )
F o r  th e  c a s e  o f  a  s u r f a c e  c r a c k ,  t h i s  s t r a i n - e n e r g y  r e l e a s e  i s  g iv e n  by
( I . "
Now, th e  r a t e  o f  r e l e a s e  o f  s t r a i n  e n e rg y  w ith  c ra c k  a d v ance  i s  
| ^ ,  and i s .  d e n o te d  G, i . e .
G = ~ ~  (p la n e  s t r e s s )  ( 1 .8 )
N ote  t h a t  th e  u n i t s  o f  G a r e  e i t h e r  F o rc e  p e r  u n i t  l e n g th ,  o r  
Work p e r  u n i t  a r e a .
A t th e  c r i t i c a l  p o in t  o f  u n s t a b l e  c ra c k  p r o p a g a t io n ,  G becom es G , 
th e  c r i t i c a l  s t r a i n - e n e r g y  r e l e a s e  r a t e , o r  th e  c r i t i c a l  c r a c k - e x t e n s io n  
f o r c e .  G i s  th u s  r e g a rd e d  a s  th e  d r iv in g  f o r c e  m o tiv a t in g  c ra c k  
e x te n s io n .  N ote  t h a t  from  e q u a t io n s  ( 1 .3 )  and ( 1 . 8 ) ,  G i s  n u m e r ic a l ly  
e q u a l  uo 2 y , b u t  t h i s  o n ly  h a s  s ig n i f i c a n c e  i n  th e  l i m i t i n g  c a s e ,  when 
we c a n  w r i t e  Gc =2y, The r e l a t i o n s h i p  be tw ee n  G and G^ , i s  th e  same a s
t h a t  b e tw een  K and K : G i s  p r im a r i l y  a f u n c t i o n  o f  lo a d in g  and 
g e o m e try , w h ile  G i s  a  m a te r i a l  p r o p e r ty .  L in e a r  E l a s t i c  F r a c tu r e  
M echan ics  l e a d s  to  s im p le  r e l a t i o n s h i p s  be tw ee n  th e  two q u a n t i t i e s  
G and K, v i a .
K2 = EG i o r  p la n e  s t r e s s
K2 = EG f o r  p la n e  s t r a i n  ( 1 .9 )
(1 -v 2 )
w here  E i s  Y o ung 's  M odulus and v i s  P o i s s o n 's  R a tio .
( N o te :-  Some in v e s t i g a t o r s  i n t r o d u c e  1 /ir  in  th e  above r e l a t i o n s ) .
M ost r e p o r te d  G v a lu e s  r e f e r  to  th e  o p e n in g  mode o f  c ra c k  e x te n s io n ,  
and chen i s  a l t e r n a t i v e l y  d e s ig n a t e d  as
1 .3 .3  The E f f e c t i v e  F r a c tu r e  S u r fa c e  E nergy  y
T h is  p a ra m e te r  h a s  been  d e a l t  w i th  p r e v io u s ly .  I t  i s  t h a t  p a ra m e te r
d e s c r ib in g  th e  am ount o f  work r e q u i r e d  to  p ro d u c e  u n i t  a re a  o f  f r a c t u r e
|  s u r f a c e ,  and in c lu d e s  t r u e  f r e e  s u r f a c e  e n e rg y  a s  w e l l  a s  o th e r  e n e rg y -
|  a b s o rb in g  f a c to r s  u n a v o id a b ly  l in k e d  w ith  f r a c t u r e .
|  1 .4  M o n -M eta ll ic  M a te r ia l s  o f  C o n s t r u c t io n : -  B r ie f  Review  o f
j| A p p l ic a t io n s  o f  th e  F r a c tu r e  M echan ics  A pproach  Co C i v i l
5 E n g in e e r in g  M a te r ia l s
|  1 - 4 .1  D iag ram m atic  M odels o f  C ra ck  P r o p a g a tio n
I The G r i f f i t h  fo rm u la  ( 1 .3 )  was d e r iv e d  from  c o n s id e r in g  th e  b a la n c e
I be tw ee n  two m ain  ty p e s  o f  e n e r g y :  th e  r e l e a s e  o f  s t r a in - e n e r g y
J n a 2c 2/E ,  and th e  s u r f a c e  s n e rg y  o f  th e  c ra c k  s u r f a c e s  4 c y . W ith y  s u b -
I s t i t u t e d  f o r  y ,  th e  se co n d  te rm  i s  g e n e r a l i s e d  to  th e  e n e rg y  re q u ire m e n t
i te rm , r e p r e s e n t in g  th e  uemand f o r  e n e rg y  to  make th e  c ra c k  c o n tin u e
to  grow . T h is  e n e rg y  re q u ir e m e n t  f o r  c ra c k  p r o p a g a tio n  i s  consum ed, 
n o t  o n ly  in  s u r f a c e  e n e rg y  o f  th e  new c ra c k  s u r f a c e s ,  b u t  a l s o  in
p l a s t i c  w ork , and  even  i n  s o n ic  and k i n e t i c  e n e rg y . The e n e rg y
r e q u ir e m e n t  te rm  and th e  e n e rg y  r e l e a s e  te rm  can  b o th  b e  r e p r e s e n te d  
by c u rv e s  o f  e n e rg y  v e r s u s  c ra c k  le n g th  c .  I t  i s  a l s o  i n s t r u c t i v e  
to  p l o t  t h e s e  c u rv e s  i n  te rm s o f  e n e rg y  demand and r e l e a s e  r a t e s  
v e r s u s  c .
C ase 1 : The I d e a l  E l a s t i c  and Homogeneous M a te r ia l  
(The G r i f f i t h  C ase)
F i g .  1 .2  shows t h i s  c a s e , ,  w hich  h a s  a l r e a d y  b e e r  d is c u s s e d  in  
S e c t io n  1 ,2 .1 .  T h is  m a t e r i a l ,  b e in g  i d e a l ,  i s  l i n e a r  e l a s t i c  r i g h t  
up to  th e  p o in t  o f  b r i t t l e  f r a c t u r e .  The e n e rg y  re q u ir e m e n t  c u rv e  
i s  a s t r a i g h t  l i n e  o f  s lo p e  4y w h ile  th e  e n e rg y  r e l e a s e  c u rv e  i s  a 
p a ra b o la  i n  c .  Beyond th e  p o in t  o f  i n s t a b i l i t y  a t  C j ,  any  sm a ll 
in c r e a s e  in  c ra c k  le n g th  w i l l  c a u se  more e n e rg y  to  be r e l e a s e d  th a n  
i s  r e q u i r e d  f o r  c ra c k  p r o p a g a tio n ,  and th e  c ra c k  p r o p a g a te s  s p o n ta ­
n e o u s ly .  I t  i s  a l s o  i n s t r u c t i v e  to  r e f e r  to  F ig .  1 . 5 .  The s u r f a c e  
e n e rg y  demand r a t e  i s  a  c o n s t a n t  4Y and in d e p e n d e n t o f  c ra c k  le n g th  
f o r  t h i s  i d e a l  c a s e .  The r a t e  o f  s t r a i n  e n e rg y  r e l e a s e  v a r i e s  
l i n e a r l y  w ith  c ,  and in c r e a s e s  w i th  in c r e a s in g  s t r e s s  l e v e l .  A m a te r i a l  
w ith  a c ra c k  o f  le n g th  c 2,u n d e r  in c r e a s in g  s t r e s s  w ould rem a in  s t a b l e  
u n t i l  th e  s t r e s s  l e v e l  reachuvl cr^, a t  w h ich  th e  e n e rg y  b a la n c e  f o r
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F ig . 1 . 5  E n e r g y  R a t e  C u r v e , f o r  t h e
I p g A L .  G r i f f i t h  C a s e
sp o n ta n e o u s  c ra c k  p r o p a g a t io n  i s  s a t i s f i e d ,  and f r a c t u r e  w ould th e n  
o c c u r .  The e n e rg y  b a la n c e  f o r  c o n tin u e d  c ra c k  p r o p a g a tio n  i s  th e n  
p o s s ib l e  even  u n d e r  d e c r e a s in g  s t r e s s .  T liis  i d e a l  c a s e  i s  p r o b a b ly  
n e v e r  o b ta in e d  i n  p r a c t i c e ,  so  we e x te n d  th e  c o n c e p t f u r t h e r .
C ase  2 ; The V is c o - E la s t i c  a n d /o r  Mon-Homogeneous M a te r ia l  
Common c o n s t r u c t io n  m a te r i a l  su c h  a s  c o n c r e t e s ,  m o r t a r s ,  a s p h a l t s ,  
c e m e n ts , s o i l  lim e  and o th e r  s t a b i l i s e d  m a te r i a l s  f a l l "  i n t o  t h i s  
c a te g o r y .  The s u r f a c e  e n e rg y  te rm  Y i s  d i f f i c u l t  to  i n t e r p r e t ,  
s i n c e  i t  m ig h t in c lu d e  some p l a s t i c  f lo w , o r  b e  m o d if ie d  by m u l t ip le  
m ic r o -c ra c k in g ,  o r  r e f e r  to  f r a c t u r e  i n  a  b i - o r  m u l t i - p h a s e  m a t e r i a l .
F i g .  ( 1 .6 )  r e p r e s e n t s  th e  p r o b a b le  e n e rg y  b a la n c e  f o r  a c ra c k  p r o p a g a tin g  
i n  su c h  o m a t e r i a l 7 . As th e  crack , g ro w s , so  to o  d o e s th e  a r e a  o f  
th e  h ig h ly  s t r e s s e d  zone im m ed ia te ly  a head  o f  th e  c ra c k  t i p .  I n  t h i s  
a r e a ,  e x te n s iv e  m ic r o -c ra c k in g  c an  o c c u r  in  a d d i t i o n  to  th e  m ain 
c ra c k ,  f o r  n o n - id e a l ,  b r i t t l e  m a t e r i a l s .  ( S im i la r ly  f o r  d u c t i l e  
m e ta l s ,  th e  volum e a f f e c t e d  by p l a s t i c  f lo w  in c r e a s e s  w ith  in c re a s e d  
c ra c k  l e n g t h ) . The e n e r g y - r e q u i re m e n t  c u rv e  i s  t h e r e f o r e  an  i n c r e a s in g  
f u n c t i o n  o f  c and no  lo n g e r  a s t r a i g h t  l i n e .  I t  i s  c o n c e iv a b le  t h a t  
th e  c u rv e  becom es l i n e a r  a t  p o in t  A, w here  th e  h ig h ly  s t r e s s e d  zone 
r e a c h e s  i t s  maximum s i z e ,  d e te rm in e d  am ongst o th e r  th in g s  by th e  
g e o m etry  o f  t h e  sp e cim en .
C o n s id e r  now an  i n i t i a l  f la w  o r  c ra c k  o f  le n g th  eg i n  a m a te r i a l  u n d e r  
m a cro sc o p ic  t e n s i l e  s c r e s s  o g . The c ra c k  b e g in s  to  grow b u t  i s  
ch eck ed  a t  c i , b e c a u se  th e  e n e rg y  demand has now in c r e a s e d .  The s t r e s s  
m ust b e  r a i s e d  to  Oi b e fo r e  th e  c ra c k  c o n tin u e s  Co grow to  c%, w here 
id  i s  a g a in  checked  by  Che in c r e a s e  i n  e n e rg y  demand. T h is  w hole  
p r o c e s s  i s  r e p e a te d  u n d e r  in c r e a s in g  s t r e s s  u n t i l  th e  c ra c k  re a c h e s  
p o i n t  A, w hich  r e p r e s e n c s  th e  p o in t  o f  i n s t a b i l i t y ,  o r  th e  c r i t i c a l  
e n e rg y  l e v e l . B oth  e n e r g y -r e q u i re m e n t  and e n e r g y - r e l e a s e  c u rv e s  
r e a c h  t h e i r  c r i t i c a l  s lo p e s  a t  t h i s  p o i n t ,  and s in c e  th e r e  i s  no 
f u r t h e r  in c r e a s e  i n  s lo p e  o f  th e  e n e rg y  demand c u rv e ,  any  f u r t h e r  
i n c r e a s e  in  c r a c k  le n g th  c a u s e s  u n s ta b le  c ra c k  p r o p a g a tio n  to  o c c u r .
Of c o u rs e ,  th e  p r o c e s s  i s  n o t  s te p p e d  a s  i n  F ig . ( 1 . 6 ) ,  b u t  c o n tin u o u s  
u n d e r  in c r e a s in g  s t r e s s .  The c o n tin u o u s  p r o c e s s  i s  shown by th e  
d o t te d  l i n e  i n  th e  f i g u r e .  F ig , ( 1 .6 )  u s e s  th e  c o n c e p t o f  y ,  w hich  
v a r i e s  w ith  c ra c k  le n g th ,  and i s  s i g n i f i c a n t  o n ly  ac  th e  o n s e t  o f  
i n s t a b i l i t y .
C o n s id e r  a l s o  F i g .  1 ,7 ,  w h ich  i s  a  r e - p l o t  o f  F i g .  1 .6  i n  te rm s 
o f  e n e rg y  r a t e s . The e n e rg y  demand r a t e  in c r e a s e s  r a p i d l y ,  and th e n  
re a c h e s  a u n ifo rm  v a lu e  a t  A. The p r o c e s s  o f  s lo w  c ra c k  g ro w th  o c c u rs  
|  u n d e r  i n c r e a s in g  s t r e s '  l e v e l ,  and no u n s ta b le  c ra c k  p r o p a g a t io n  can
I o c c u r  on th e  a s c e n d in g  p o r t io n  o f  th e  e n e rg y  demand r a t e  c u rv e .
|  A t p o in t  A, sp o n ta n e o u s  c ra c k  p r o p a g a tio n  c an  b e g in  and p ro c e e d  even
|  u n d e r  d e c r e a s in g  s t r e s s  l e v e l s .  F i g .  1 .7  v e ry  c l e a r l y  e x p la in s
I th e  p r o c e s s  o f  s lo w  c ra c k  g row th  in  a n o tc h e d  beam u n d e r  in c r e a s in g
I f l e x u r e  s t r e s s ,  and t h i s  w i l l  b e  d is c u s s e d  in  more d e t a i l  i n  a  l a t e r
I s e c t i o n .  ( s e e  S e c t io n  5 .3 .1 ) ,
I C ase  3 : C rack  P ro p a g a tin g  in  a B i - o r  M u lt i -P h a s e  M a te r ia l
|  Such m a te r i a l s  c o n s i s t  o f  two o r  m ore d i s t i n c t  c o n s t i t u e n t s  o r  •
p h a s e s ,  eac h  one h a v in g  i t s  own d i s t i n c t  e n e r g y -r e q u i re m e n t  c u rv e , 
r e p r e s e n te d  by d i f f e r e n t  s l o p e s ,  su c h  a s  i n  F ig .  1 .8 .  The c u rv e  i s  
n o n -c o n tin u o u s , and  th e  s t e e p  p o r t i o n  r e p r e s e n t s  th e  e n e rg y  demand 
o f  th e  " to u g h e r"  p h a se  o f  th e  m a t e r i a l .  A c ra c k  o f  le n g th  cq 
p r o p a g a tin g  in  th e  w eaker p h a se  w ould p r o g re s s  u n d e r  s t r e s s  oq to  a 
le n g th  C ] . A t t h i s  p o i n t ,  i c  i n t e r s e c t s  th e  to u g h e r  p h a se  o f  th e  
m a t e r i a l ,  r e p r e s e n te d  by  a s h a rp  r i s e  i n  e n e rg y  dem and. The c ra c k  
i s  c h e c k e d , and w i l l  o n ly  p ro p a g a te  f u r t h e r  i f  th e  s t r e s s  i s  r a i s e d  
s u f f i c i e n t l y  to  overcom e th e  e n e rg y  demand o f  th e  to u g h e r  p h a se .
The to u g h e r  p h a se  a c t s  a s  a  c ra c k  a r r e s t o r ,  and c a u se s  th e  to u g h n e ss  
I o f  th e  c o m p o s ite  m a te r i a l  to  i n c r e a s e .  T h is  c r a c k - a r r e s t  m echanism
I d o e s n o t  n e c e s s a r i l y  h av e  to  b e  a  d i s c r e t e  p h a se  i n  th e  m a t e r i a l ,  b u t
j c o u ld  a l s o  b e  weak in t e r f a c e s  th e  c ra c k  m ust i n t e r c e p t  i n  o r d e r  to
| p r o g r e s s .  T h is  i s  th e  b a s i c  c o n c e p t  o f  a  m a te r i a l  l i k e  f i b r e - g l a s s
j i n  w h ich  th e  two p h a se s  th e m se lv e s  a r e  f a i r l y  weak and  b r i t t l e ,  b u t
5 when com bined g iv e  a  tough  m a te r i a l  w hose to u g h n e s s  and s t r e n g th
|  d i r e c t l y  s te m  from  i n t e r f a c e  c ra c k  s to p p in g .
i 1 .4 .2  F r a c tu r e  M echan ics  o f  Cem ented M a te r ia l s
!. What f o l lo w s  a p p l i e s  to  cem en ted  m a te r i a l s  i n  g e n e r a l ,  b u t  c o n c r e te
i i s  u se d  a s  a  s p e c i f i c  exam p le  o f  th e  f r a c t u r e  b e h a v io u r  o f  su c h
' m a t e r i a l s .  T hese  m a te r i a l s  do n o t  s t r i c t l y  obey th e  law s o f
e l a s t i c i t y ,  b u t  f r a c t u r e  m e ch a n ics  c o n c e p ts  c an  r e a d i l y  be a p p l ie d
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C o n c re te  i s  .>; b e E e ro g e /ie o u s , b r i t t l e  m a t e r i a l  w hose s t r e n g th  d e r iv e s  
a lm o s t  d i r e c t l y  f.iom i t s  h e t e r o g e n e i ty  and th e  phenomenon o f  
m ic r o c r a c k in g . F r a c tu r e  s u r f a c e  a re a  and e n e rg y  can  r e f e r  to  th e  
h a rd e n e d  cem tint p a s t e ,  o r  th e  a g g r e g a te ,  o r  th e  a g g r e g a te - p a s te  
i n t e r f a c e .  C ra c k in g  in  c o n c r e te  i s  n o t  l im i t e d  to  one c r i t i c a l  
c r a c k ,  b u t  in v o lv e s  e x te n s iv e  m ic r o c r a c k in g  in  Che h ig h ly  s t r e s s e d  
zone a head  o f  and  s u r ro u n d in g  th e  m a in  c ra c k 0 . An im p o r ta n t  c o n se ­
qu e n ce  o f  t h i s  i s  t h a t  th e  a r e a  o f  new ly  form ed f r a c t u r e  s u r f a c e s  may 
b e  many tim e s  l a r g e r  (up to  te n  o r  tw e lv e  tim e s )  th a n  th e  no m in a l 
f r a c t u r e  a r e a ^ .  The w eak bond in  c o n c r e te  i s  th e  a g g r e g a te - p a s te  
b ond , and c ra c k s  form  h e re  w here  th e  e n e rg y  demand i s  l e a - i t , and th e n  
s p r e a d ,  e v e n tu a l ly  b r id g in g  th e  p a s t e  b e tw een  a g g re g a te  p a r t i c l e s .
T h i s  c a u se s  c o n c r e te  t o  s e t  v e ry  much a s  a  b i - p h a s e  m a t e r i a l ( F i g .1 .8 )  
The a g g r e g a te - p a s ts  i n t e r f a c e  and  th e  cem ent g e l  e x h ib i t  e s s e n t i a l l y  
b r i t t l e  b e h a v io u r ,  and th u s  th e  s t r a i n  e n e rg y  r e l e a s e d  d u r in g  f r a c t u r e  
i s  tr a n s fo rm e d  m a in ly  to  s u r f a c e  e n e r g y . The a g g re g a te s  i n  c o n c r e te  
m o d ify  th e  th r e e - d im e n s io n a l  e l a s t i c  s t r e s s  f i e l d  and im pose  a c r a c k -  
a r r e s t i n g  a c t io n  on th e  c o n c r e t e ,  c a u s in g  th e  f r a c t u r e  r e s i s t a n c e  o f  
c o n c r e t e  to  b e  g r e a t e r  th a n  t h a t  o f  an  e q u iv a le n t  p a s t e 10. A lso , 
i n  a d d i t i o n  to  m ic ro c ra c k in g  o f  th e  cem ent p a s t e ,  c ra c k s  m eander 
a ro u n d  a g g re g a te  p a r t i c l e s ,  and  e x te n s i v e  a id e  c ra c k in g  c a n  o c c u r .
The c r a c k - a r r e s t i n g  f u n c t i o n  o f  th e  a g g re g a te s  and  th e  m echanism  o f  
m ic r o c r a c k in g  a l l  g iv e  to  c o n c r e te  an a p p a r e n t  p r o p e r ty  o f  p se u d o -  
p l a '  i c i t y ,  s in c e  a l l  o f  th e s e  phenom ena in c r e a s e  th e  e n e rg y -d e v a n d  
f o t  c ra c k  p r o p a g a tio n .
1 ,4 .3  A p p l ic a t i o n s  to  C i v i l  E n g in e e r in g  M a te r ia l s  
T h is  s e c t i o n  r e v ie w s  some o f  th e  w ork  done by o th e r  i n v e s t i g a t o r s  
in  e v a lu a t in g  f r a c t u r e  m e ch a n ics  p a ra m e te r s .  D i r e c t  a p p l i c a t i o n s  o f  
t h i s  w ork to  C i v i l  E n g in e e r in g  p ro b lem s a r e  few  and f a r  b e tw e e n , and 
som etim es th e  b a s i s  o f  th e  a p p l i c a t i o n  i s  v e ry  q u e s t io n a b le .  T h is  
s e c t i o n  a ls o  d e a l s  w ith  th e  a s su m p tio n s  and m o d i f ic a t io n s  r e q u i r e d  
in  o r d e r  to  a p p ly  f r a c t u r e  m e ch a n ics  p r i n c i p l e s  to  c o n s t r u c t io n  
m a t e r i a l s .  M a te r ia l s  c o n s id e r e d  w i l l  be  c o n c r e te  and cem en t m o r ta r s ,  
a s p h a l t s  and a s p h a l t  c e m e n ts , s o i l  c em e n ts , and o th e r  ro a d  pavem ent 
m a t e r i a l s .
(1 ) C o n c re te  and Cement M o rta rs
( a )  A ssu m p tio n s and M o d if ic a t i o n s
A p p l ic a t i o n  o f  f r a c t u r e  m e ch a n ics  th e o ry  to  c o n c r e te  i s  b a se d  on th e  
f o l lo w in g  two a s s u m p t io n s : -
( i )  The Laws o f  E la s t i c iU y  f o r  hom ogeneous m a te r i a l s  c an  b e  
a p p l ie d  to  c o n c r e te  (w hich  i s  h e te ro g e n e o u s  and d is c o n tin u o u s  
■ due  to  th e  p r e s e n c e  o f  m ic r o - c r a c k s .)
( i i )  The v a lu e s  o f  th e  e l a s t i c  m odulus E and P o i s s o n 's  r a t i o n  v 
a r e  c o n s ta n t  th ro u g h o u t th e  m a t e r i a l .  T h is  c r i t e r i o n  i s  s a t i s f i e d  
by assum ing  an a v e ra g e  E and v f o r  th e  c o n c r e t e .  I n  a d d i t i o n ,  
th e  s u r f a c e  e n e rg y  te rm  y  m ust be i n t e r p r e t e d  a s  r e s u l t i n g  from  
th e  t o t a l  w ork o f  f r a c t u r e ,  and  y  i s  th e  r e l e v a n t  p a ra m e te r .
(b ) T e n s i le  F r a c tu r e  i n  C o n c re te
U nder t e n s i l e  s t r e s s ,  c o n c r e te  b e h a v e s  p e r f e c t l y  e l a s t i c a l l y  u n t i l  th e  
s t r e s s  o=^2Ey / tfc i s  r e a c h e d . Beyond t h i s  p o i n t ,  b o th  s t r e s s  and  c ra c k  
grow s lo w ly , a s  d e p ic te d  i n  F i g .  1 .6 ,  and  th e  s t r e s s  s t r a i n  c u rv e  i s  
n o  lo n g e r  l i n e a r .  Due to  d e c r e a s e  o f  th e  c r o s s - s e c t i o n ,  t h e  s t r e s s  
grows f a s t e r  th a n  th e  e x t e r n a l  l o a d ,  and th e  s t r a i n  e n e rg y  r e l e a s e  
r a t e  ?ra2r  grow s ev en  f a s t e r  u n t i l  i t  r e a c h e s  a v a lu e  G w here  r a p id  
c ra c k  p r o p a g a tio n  o c c u r s ,  and th e  s t r e s s - s t r a i n  c u rv e  te rm in a t e s  
a b r u p t l y .
( c )  C om pression  F r a c tu r e  i n  C o n c re te  (Homogeneous U n ia x ia l  C om pression ) 
F law s  and c ra c k s  i n  c o n c r e te  u n d e r  c o m p re ss io n  can  le a d  to  t e n s i l e  
s t r e s s e s  b e in g  d e v e lo p e d  n e a r  c ra c k  t i p s , d e p en d in g  on th e  sh a p e  and 
o r i e n t a t i o n  o f  th e  c r a c k s .  C ra ck  p r o p a g a tio n  can  o n ly  o c c u r  i n
p la n e s  p a r a l l e l  t o  th e  d i r e c t i o n  o f  c o m p re s s io n , and n o t  n e c e s s a r i l y  
i n  a p la n e  c o n ta in in g  th e  i n i t i a l  c r a c k .  A ssum ing t h a t  c o n c r e te  h as  
num erous i n i t i a l  f la w s  and c r a c k s ,  th e  w e a k e s t o f  th e s e  w i l l  b e g in  
p r o p a g a tin g  u n d e r  c o m p re s s io n . H ow ever, due t o  th e  c ra c k  a r r e s t  
m echanism s o f  m ic r o -c ra c k in g  and a g g re g a te  zo n es o f  h ig h  s t r e n g th ,  
th e s e  c ra c k s  w ould b e  checked  by  th e  r a p id  i n c r e a s e  i n  e n e rg y  demand.
T h is  p e rm i ts  a f u r t h e r  i n c r e a s e  i n  lo a d ,  and a n o th e r  c ra c k ,  n e x t  in  
o r d e r  o f  w ea k n ess , s t a r t s  p r o p a g a tin g .  The new c ra c k  in  b u m  i s  
soon  a r r e s t e d  and a n o th e r  b e g in s  g row ing . T h is  p r o c e s s  i s  te rm ed 
th e  " p r o g r e s s iv e  c ra c k in g  m echanism " by G lu c k l ic h 7 .
The p r o c e s s  o f  p r o g r e s s iv e  c ra c k in g  e v e n tu a l ly  b r in g s  a b o u t t o t a l  
d e s t r u c t i o n ,  e i t h e r  b e c a u se  th e  m a te r i a l  c an  no lo n g e r  r e s i s t  s f te s r  
s t r e s s e s  i n  i t s  d i s i n t e g r a t e d  s t a t e ,  o r  th e  v a lu e  o f  th e  c r i t i c a l  
s t r a i n  e n e rg y  r e l e a s e  r a t e  G i s  a t t a i n e d ,  and th e  p a r t i c u l a r  c ra c k  
p r o p a g a tin g  a t  c h a t  i n s t a n t  r u n s  to  f a i l u r e .  I n  t e n s io n ,  th e  s t r e s s  
f i e l d  0 te tis  in c r e a s e s  r a p id l y  w i th  th e  c ra c k  p r o p a g a tio n  b e c a u se  o f  
th e  d e c r e a s e  i n  c r o s s - s e c t i o n ;  h o w ev e r, i n  c o m p re s s io n , t h i s  i s  n o t  s o .
A lso , th e  p r o g r e s s iv e  c ira ck in g  m echanism , w hich  e f f e c t i v e l y  e l im in a te s  
n u c l e i  o f  f r a c t u r e  j u s t  a s  p l a s t i c  f lo w  d o e s i n  m e ta l s ,  p r o v id e s  a 
m echanism  o f  e n e rg y  d i s s i p a t i o n  t h a t  c o n s t i t u t e s  an a l t e r n a t i v e  to  
f r a c t u r e .  T hese  two f a c to r s  make c o m p re s s io n  f r a c t u r e  o f  c o n c r e te  
f a r  m ore s t a b l e  th a n  t e n s io n  f r a c t u r e .
(d )  B r ie f  R eview  o f  Work by o th e r  I n v e s t ig a to r s  
K ap lan 11 was one o f  th e  f i r s t  i n v e s t i g a t o r s  i n  th e  n o n - m e t a l l ic  f i e l d .
He p e rfo rm ed  t e s t s  on n o tc h e d  c o n c r e te  beam s in  o r d e r  to  d e te rm in e  th e  
c r i t i c a l  s t r a in - e n e r g y  r e l e a s e  r a t e  He found  t h a t  s m a lle r
75x100 m i l l im e t r e  beams gave som ew hat low er G v a lu e s  th a n  150x150 
m i l l im e t r e  beam s, b u t  c o n c lu d e d  t h a t  th e  c o n c e p t o f  th e  c r i t i c a l  
s t r a in - e n e r g y  r e l e a s e  r a t e  b e in g  a c o n d i t io n  f o r  r a p id  c ra c k  p ro p a ­
g a t io n  was a p p l i c a b l e  t o  c o n c r e t e .  K ap lan  n e g le c te d  th e  e f f e c t s  o f  
s lo w  c ra c k  grow th  p r i o r  to  f a i l u r e ,  w h ich  c au se d  h i s  G v a lu e s  to  be  
u n d e re s t im a te d . He a l s o  su g g e s te d  a  t e n t a t i v e  a p p l i c a t i o n  o f  h i s  
f r a c t u r e  m e ch a n ics  p a ra m e te r s  to  th e  f a i l u r e  o f  a  s im p ly  su p p o r te d  
p l a i n  c o n c r e te  s l a b .  H ow ever, i t  seem s m ore l o g i c a l  i n  th e  c a se  h e  
u se s  to  s im p ly  a p p ly  b e n d in g  th e o ry  to  th e  f a i l u r e  o f  th e  s l a b .  I t  i s
o b v io u s  t h a t  some more d i r e c t  end  lo g i c a l  a p p l i c a t i o n  o f  f r a c t u r e  
m e ch a n ics  p r i n c i p l e s  to  th e  f a i l u r e  o f  c o n c r e te  members r u s t  be s o u g h t .  
M oavensadeh and K uguel9 a l s o  u se d  no tc h ed -b ea m  specim en^  to  s tu d y  th e  
f r a c t u r e  o f  cem ent p a s t e ,  m o r ta r  and  c o n c r e t c ,  They found  t h a t  th e  
e f f e c t i v e  f r a c t u r e  s u r f a c e  e n e rg y  f  was g r e a t e r  f o r  m o r ta r s  and 
c o n c r e te s  th a n  f o r  p u re  cem ent p a s t e s ,  due to  th e  i n t r o d u c t io n  o f  s o l i d  
p a r t i c l e s  and th e  c o rre s p o n d in g  in c r e a s e  i n  m ic r o c r a c k in g  and h e t e r o g e n e i ty .  
U sing  che te c h n iq u e  o f  q u a n t i t a t i v e  m ic ro sc o p y , h o w ev e r, th e y  w ere  a b le  
to  show t h a t  y  f o r  c ra c k s  p r o p a g a tin g  th ro u g h  th e  a g g re g a te  p a s te  
i n t e r f a c e  was l e s s  th a n  th e  y  f o r  c ra c k s  p r o p a g a tin g  d i r e c t l y  th ro u g h  th e  
cem ent p a s t e .  They a l s o  ig n o r e d  th e  e f f e c t  o f  s lo w  c ra c k  grow th  p r i o r  
to  f a i l u r e .
Naus and L o t t 10 c a l c u l a t e d  th e  f r a c t u r e  to u g h n e s se s  o f  p a s t e s ,  m o r ta rs  
and c o n c r e te s  i n  w hich  th e y  v a r i e d  w a te r -c e m e n t r a t i o ,  sand  cem ent 
r a t i o ,  g r a v e l- c e m e n t  r a t i o ,  age  o f  t e s t ,  a i r  c o n te n t  and  g r a d a t io n  and 
ty p e  o f  c o a r s e  a g g re g a te .  A lth o u g h  th e y  ig n o re d  th e  e f f e c t  o f  slow  
c r a c k  g ro w th , th e y  em ployed th e  i d e a s  o f  L o t t  and K e s l e r 12 , who 
r e a l i z e d  t h a t  th e  p r e s e n c e  o f  a g g re g a te  p a r t i c l e s  n e a r  th e  t i p  o f  a 
c ra c k  m o d if ie d  th e  s t r e s s  f i e l d  o f  th e  c r a c k ,  and in c r e a s e d  th e  d e g re e  
o f  m ic r o c r a c k in g . th e  l a t t e r  a u th o rs  a rg u e d  t h a t  when c o n c r e te  was 
a n a ly s e d  a s  a  hom ogeneous m a t e r i a l ,  a  p s e u d o - f r a c tu r e  to u g h n e ss  K' 
r e s u l t e d  w hich  was th e  sum m ation o f  th e  f r a c t u r e  to u g h n e ss  o f  th e  cem ent 
p a s t e  and an a r r e s t i n g  a c t io n  o f  th e  a g g re g a te s  on c ra c k  g ro w th .
T hey  found  t h a t  c o n c r e te s  had  h ig h e r  f r a c t u r e  to u g h n e s se s  th a n  e q u iv a -
G lu c k l ic h 13 d id  a c o n s id e r a b le  am ount o f  w ork in  s tu d y in g  th e  p r o p a g a tio n  
o f  f a t i g u e  c ra c k s  i n  m o r ta r ,  u s in g  b o th  n o tc h e d  and u n n o tc h ed  b e am s.
He in tr o d u c e d  a c o m p lia n c e -c ra c k  le n g th  r e l a t i o n s h i p  i n  o r d e r  to  i n t e r ­
p r e t  m easured  s t r a i n s  i n  te rm s o f  c ra c k  l e n g th ,  and  h e n ce  overcom e th e  
p ro b lem  o f  s lo w  c ra c k  grow th  p r i o r  to  f a i l u r e .  He found  t h a t  th e  v a lu e  
o f  G was a p p ro x im a te ly  c o n s ta n t  f o r  b o th  n o tc h e d  and  u n n o tc h ed  beam s, 
and ffVc" was c o n s ta n t  f o r  beams w ith  e q u a l n o tc h  d e p th s .  G e n e ra l ly  G 
m e asu re d  in  f a t i g u e  t e s t s  was lo w e r  th a n  G m e asu re d  i n  s t a t i c  t e s t s , w hich  
h e  a t t r i b u t e d  to  e l a s t i c  c r e e p .  G lu c k lic h  was one o f  th e  f i r s t  t o  p o in t  
o u t  t h a t  th e  o b j e c t  o f  a  n o tc h  was n o t  to  s im u la t e  a  c r a c k ,  b u t  to  
p r e d e te r m in e  th e  c r o s s - s e c t i o n  o f  f a i l u r e .  I n  f a c t ,  i n v e s t i g a t o r s  
i n  th e  m e t a l l i c  f i e l d  u se  th e  s ta n d a r d  p r a c t i c e  o f  g row ing  a sh a rp  
f a t i g u e  c ra c k  from  a  n o tc h ed  specim en  b e fo r e  f r a c t u r e  t e s t i n g  th e  
sp e c im en 11*.
W elch and H aism an15/ 16 e v a lu a te d  f r a c t u r e  to u g h n e s s  p a ra m e te r s  o f  a 
w ide  ra n g e  o f  c o n c r e te s ,  m o r ta r s  and p a s t e s ,  u s in g  n o tc h e d  and un­
n o tc h e d  beams in  f l e x u r e .  They a l s o  c o n s id e r e d  th e  in f lu e n c e  o f  
d i f f e r e n t  ty p e s  o f  n o tc h e s . O ver th e  r a n g e  o f  c o m p re ss iv e  s t r e n g th s  
th e y  w ere  c o n s id e r in g ,  th e y  found  t h a t  f r a c t u r e  to u g h n e ss  p a ra m e te r s  
te n d e d  to  i n c r e a s e  i n  p r o p o r t io n  to  c o n c r e te  s t r e n g th  p r o p e r t i e s  
such  a s  c o m p re ss iv e  s t r e n g t h ,  w a te r -c e m e n t r a t i o ,  i n d i r e c t  t e n s i l e  
( s p l i t t i n g )  s t r e n g t h ,  and s o l i d  volum e f r a c t i o n  o f  cem ent p a s t e .  
I n v e s t i g a t i n g  th e  e f f e c t  o f  n o tc h  sh a rp n e s s  ( i . e .  r o o t  r a d i u s ) ,  
s h a rp e r  n o tc h e s  p roduced  f l a t t e r  lo a d  d is p la c e m e n t  c u rv e s  and low er 
u l t i m a t e  lo a d s ,  th a n  b lu n t  noL vlies. H ow ever, i f  slow  c ra c k  grow th
w as ta k e n  in to  a c c o u n t ,  th e  n o tc h  ty p e  d id  n o t  in f lu e n c e  f r a c t u r e  
to u g h n e ss  v a lu e s  by more th a n  a b o u t  10 p e r  c e n t ,  They p o in t  o u t  th e  
im p o r ta n t  f a c t  t h a t  f r a c t u r e  to u g h n e ss  v a lu e s  a re  a f f e c t e d  c o n s id e r a b ly  
by  th e  a s su m p tio n s  u se d  to  e s t im a te  th e  e f f e c t  o f  s lo w  c ra c k  g ro w th , 
th e  s t r e s s  c o n c e n t r a t i o n  a t  th e  r o o t  o f  th e  n o tc h ,  and v a lu e s  o f  
Y o u n g 's  M odulus. T h ree  s e t s  o f  a s su m p tio n s  w ere  p ro p o sed  in  o r d e r  to  
p r o v id e  a  b e t t e r  c o m p ariso n  o f  r e s u l t s  by d i f f e r e n t  r e s e a r c h  w o rk e r s . 
T h ese  a ssu m p tio n s  a r e : -
" A ssum ptions A" : The o r i g i n a l  n o tc h  d e p th ,  c q , i s  u se d  to  com pute
th e  no m in a l s t r e s s  a  a t  th e  r o o t  o f  th e  n o tc h ,  and f o r  s u b s t i t u t i o n  
i n  th e  r e m a in d e r  o f  th e  e q u a t io n .  A no m in a l v a lu e  o f  E , b a se d  on 
dynam ic m e asu rem en ts  on r e p r e s e n t a t i v e  specim ens f o r  eac h  c o n c r e te  
c l a s s  i s  a d o p te d ,
"A ssum ptions B" : The o r i g i n a l  n o tc h  d e p th ,  c o . i s  u se d  a s  i n
"A ssum ptions A ", b u t  th e  v a lu e  o f  E i s  c a l c u l a t e d  d i r e c t l y  from  
. th e  lo a d  d e fo rm a tio n  c u rv e  i n  e a c h  c a s e .  B ecause  o f  n o n - l i n e a r  
r e l a t i o n s h i p s  in  m ost c a s e s ,  th e  s e c a n t  m odulus i s  ad o p ted  b e tw een  
z e ro  and s e v e n ty  p e r  c e n t  o f  u l t i m a t e  l o a d ,  and  a  c o r r e c t i o n  i s  
a l s o  made f o r  s h e a r  d e f l e c t i o n .  I t  may b e  c o n s id e r e d  t h a t  th e  
a d o p tio n  o f  t h i s  lo w e r  v a lu e  o f  E ta k e s  i n t o  a c c o u n t th e  slow  
c ra c k  grow th  and c re e p  e f f e c t s  d u r in g  lo a d in g .  C o n se q u e n tly , 
i t  i s  su g g e s te d  t h a t  i t  w ould b e  i n c o r r e c t  to  u s e  b o th  t h i s  
v a lu e  o f  E and to  a l lo w  f o r  s lo w  c r a c k  grow th  in  a d d i t i o n .  
"A ssum ptions C" : The c r i t i c a l  c ra c k  d e p th ,  c  , i s  u se d  to
com pute th e  no m in a l s t r e s s  a  a t  th e  r o o t  o f  th e  n o tc h ,  and f o r  
s u b s t i t u t i o n  i n  th e  r e m a in d e r  o f  th e  e q u a t io n .  The c r i t i c a l  
c ra c k  d e p th  i s  th e  o r i g i n a l  n o tc h  d e p th  p lu s  s lo w  c ra c k  grow th  
p r i o r  to  th e  o n s e t  o f  u n s t a b l e  c ra c k  p r o p a g a t io n ,  a s  d e te rm in e d  
from  co m p lia n ce  -  n o tc h  d e p th  r e l a t i o n s h i p s . The dynam ic v a lu e  
o f  12 i s  u se d , a s  i n  "A ssum ptions A".
I t  i s  n e c e s s a r y  h e re  to  p o in t  o u t  t h a t  i n  th e  p r e s e n t  d i s s e r t a t i o n ,  a  
d i f f e r e n t  s e t  o f  a s su m p tio n s  was u se d  to  c a l c u l a t e  f r a c t u r e  to u g h n e ss  
p a ra m e te r s .  The a s su m p tio n s  u se d  w ere  i d e n t i c a l  to  "A ssum ptions C" 
ab o v e , e x c e p t t h a t  E was d e te rm in e d  f o r  th e  p a r t i c u l a r  c l a s s  o f  a s p h a l t  
o r  m o r ta r  from  th e  l i n e a r  p o r t i o n  o f  th e  lo a d -d e f o rm a tio n  c u rv e s  .o f 
u n n o tc h ed  sp e c im e n s , s in c e  i t  was found  t h a t  u n d e r  th e  c o n d i t io n s  
o f  t e s t  a d o p te d , c re e p  and r a r e  o f  s t r a i n  had a  s i g n i f i c a n t  e f f e c t  on 
a l l  p a ra m e te r s  m e a su re d . Tin- a s su m p tio n s  and p ro c e d u re  a r e  f u l l y  
o u t l i n e d  in  S e c t io n  3 .2 .4 .
W elch and H aism an a r e  C h e - f i r s t  to  have  p o in te d  o u t  Che n e e d  Co 
a d o p t more s ta n d a r d  p r a c t i c e s  and  a s su m p tio n s  f o r  th e  f r a c t u r e  t e s t i n g  
o f  n o n - m e ta l l ic  m a t e r i a l s ,  and  t h i s  i s  com m endable when one c o n s id e r s  
th e  o f t e n  d iv e r g e n t  r a n g e  o f  te c h n iq u e s  u se d  up Co Che p resen C  tim e . 
Much o f  th e  w ork o f  t h i s  d i s s e r t a t i o n  aim s a t  d e v e lo p in g  s t a n d a r d is e d  
p r o c e d u re s  f o r  f r a c t u r e  t e s t i n g  o f  n o n -m e C a ll ic  m a t e r i a l s , s im i l a r  
to  Che ty p e  o f  w ork t h a t  h a s  been  done i n  Che m e t a l l i c  f i e l d .
F i n a l l y ,  Brown27 u se d  two m ethods to  m easu re  th e  f r a c t u r e  to u g h n e ss  
K o f  cem ent p a s te s  and m o r ta r s .  The f i r s t  was che u s u a l  no tc h ed -b ea m  
te c h n iq u e ,  com bined w i th  co m p lia n ce  m e asu rem en ts  to  m easu re  th e  
s lo w  c ra c k  grow th  p r i o r  to  i n s t a b i l i t y .  He m easu red  th e  change  o f  
to u g h n e s s  f o r  s e p s r a t e  in c re m e n ts  o f  c ra c k  g ro w th  a s  th e  c ra c k  
p r o p a g a te d . The se co n d  m ethod , u s in g  a d o u b le - c a n t i l e v e r  beam (DCS), 
a v o id s  th e  s lo w  c ra c k  g ro w th  p ro b lem  by m aking  a sp e c im en  o f  v a r i a b l e  
web w id th  su c h  t h a t  th e  lengC h o f  c ra c k  f r o n t  i n c r e a s e s  w i th  and 
e x a c t ly  com p en sa te s  f o r  th e  e f f e c t  o f  c ra c k  g ro w th . He found  t h a t  th e  
f r a c t u r e  to u g h n e ss  o f  cem en t p a s t e  was in d e p e n d e n t o f  c ra c k  g ro w th , b u t  
t h a t  th e  to u g h n e s s  o£ m o r ta r  in c r e a s e d  a s  th e  c ra c k  p r o p a g a te d ,  w hich 
t i e s  i n  w ith  th e  c o n c e p t o f  F ig . 's  1 .6  and 1 .7  v e ry  w e l l .  F o r  b o th  
m a t e r i a l s ,  th e  s t r e s s  i n t e n s i t y  r e q u i r e d  to  i n i t i a t e  c ra c k  g ro w th  was 
l e s s  th a n  Chat to  m a in ta in  c ra c k  g ro w th  a t  th e  lo a d in g  r a t e s  u se d .
(2 ) A s p h a l ts  and  A s p h a l t  Cements 
A s p h a l t  i s  a  v i s c o - e l s s l i c  m a te r ia l  whose p r o p e r t i e s  depend  on th e  
S h e a r  r a t e  and te m p e r a tu re , a s  w e l l  a s  th e  d e g re e  o f  a g e in g .  At low 
te m p e r a tu re s ,  a s p h a l t  b e h a v e s  a s  a b r i t t l e  m a te r i a l ,  b u t  a t  norm al 
s e r v i c e  te m p e r a tu re s ,  i t  c an  und erg o  c o n s id e r a b le  p l a s t i c  d e fo r m a tio n , 
l e a d in g  e v e n tu a l ly  to  c ra c k in g  and pe rm a n en t d e fo rm a tio n  i n  th e  form  
o f  r u t t i n g .  I n  an  a s p h a l t  m ix tu re ,  i t  i s  th e  f r a c t u r e  b e h a v io u r  o f  
th e  a s p h a l t  t h a t  i s  th e  p r im a ry  c o n t r o l l i n g  f a c t o r  i n  th e  c ra c k in g  
o f  th e  m ix tu re .  Some in v e s t i g a t o r s  have  u se d  f r a c t u r e  m e ch a n ics  
p r i n c i p l e s  to  d e te rm in e  f r a c t u r e  p a ra m e te r s  f o r  d i f f e r e n t  a s p h a l t s .  
O th e rs  have  a tte m p te d  to  u se  th e s e  p a ra m e te r s  i n  a s tu d y  o f  th e  
f a t i g u e  l i f e  o f  a s p h a l t s .
(a )  A ssum ptions i n  A p p ly in g  F r a c tu r e  M echan ics  to  A sp h a l t 
As w ith  c o n c r e te ,  f r a c t u r e  m e ch a n ics  can  b e  a p p l ie d  to  a s p h a l t  w ith  
some m o d if ic a t io n s  and a s s u m p tio n s . F r a c tu r e  m e ch a n ics  c o n c e p ts  a re
b a s e d  on che a ssu m p tio n  t h a t  th e  m a t e r i a l  i s  1 in e a r  e l a s t i c  and 
hom ogeneous, A s p h a l ts  d i s p l a y  l i n e a r  e l a s t i c  b e h a v io u r  a t  low 
te m p e r a tu re s ,  and  m ost i n v e s t i g a t o r s  h av e  s tu d i e d  a s p h a l t s  in  th e  
low  te m p e ra tu re  r a n g e .  An im p o r ta n t  p o in t  to  n o te  h e re  i s  t h a t  o n ly  
a t  low  te m p e r a tu re s  c a u s in g  b r i t t l e  f r a c t u r e ,  and u n d e r  p la n e  s t r a i n  
c o n d i t io n s  can  th e  p a ra m e te r s  G and K b e  r e g a rd e d  a s  m a te r i a l  
c o n s t a n t s .  A t h ig h e r  te m p e r a tu re s  w here  th e  p l a s t i c  zo n e  s i z e  ahead  
o f  th e  c ra c k  t i p  i n c r e a s e s ,  K i s  l a r g e r  and  c o rre s p o n d s  more do a  
p la n e  s t r e s s  s t a t e .
(b ) V a r ia b le s  A f f e c t i n g  th e  F r a c tu r e  M echan ics  P a ra m e te rs  
The F o llo w in g  v a r i a b l e s  w ere  r e c o g n is e d  a s  a f f e c t i n g  th e  f r a c t u r e  
m e ch a n ics  p a r a m e t e r s : -
( i )  T e m p e ra tu re . T h is  h a s  an  i n f l u e n t i a l  e f f e c t  on th e  b r i t t l e  
b e h a v io u r  o f  a s p h a l t s .  E l a s t i c  b e h a v io u r  o n ly  o c c u r s  a t  low  
te m p e r a tu re s  o f  a ro u n d  m inus te n  C e ls iu s  and lo w e r ,  and  above 
z e ro  C e ls iu s  th e r e  i s  a  m arked in c r e a s e  in  th e  r a t e  a t  w h ich  th e  
m a te r i a l  c an  a b so rb  e n e rg y  w ith  i n c r e a s in g  te m p e r a tu re .
( i i )  R a te  o f  L o ad in g , F r a c tu r e  to u g h n e s s  o f  a s p h a l t i c  m ix tu re s  
g e n e r a l l y  i n c r e a s e s  w ith  i n c r e a s in g  lo a d  r a t e .
( i i i )  Age o f  th e  A s p h a l t .  I n  g e n e r a l ,  an aged  a s p h a l t  shows 
h ig h e r  v a lu e s  o f  th e  f r a c t u r e  p a ra m e te r s  th a n  an unaged  a s p h a l t ,  
i n d i c a t i n g  in c r e a s in g  r e s i s t a n c e  to  b r i t t l e  f r a c t u r e .  H ow ever, 
t h i s  t r e n d  h a s  n o t  be en  a d e q u a te ly  j u s t i f i e d  i n  th e  e x i s t i n g  
l i t e r a t u r e ,  and seem s o u t  o f  p h a se  w ith  p r a c t i c a l  e x p e r ie n c e  
i n  ro a d  p a v em e n ts . I t  i s  p o s s ib l e  t h a t  t h i s  t r e n d  r e p r e s e n t s  a  
t h ix o t r o p i c  e f f e c t .
( iv )  D i f f e r e n t  R h e o lo g ic a l  P r o p e r t i e s .  H ig h e r  to u g h n e s se s  
a r e  o b ta in e d  i n  a s p h a l t s  by in c r e a s in g  th e  a s p h a l t  c o n te n t ,  o r  
u s in g  s o f t e r ,  low  c o n s is te n c y  g r a d e s  o f  a s p h a l t  c e m e n ts . A ls o , 
m ixes o f  h ig h e r  u n i t  w e ig h ts  have  h ig h e r  f r a c t u r e  to u g h n e s s e s ,  and 
h ig h e r  e f f e c t i v e  f r a c t u r e  s u r fa c c  e n e r g i e s .
( c )  B r ie f  Review  o f  P r e v io u s  Work
M oavenzadeh18 u se d  th e  n o tc h e d  beam te c h n iq u e  t o  s tu d y  th e  f r a c t u r e  
s u s c e p t i b i l i t y  o f  a s p h a l t s  a t  low te m p e r a tu r e s ,  v a ry in g  su c h  p a ra m e te r s  
a s  r a t e  o f  lo a d in g ,  te m p era tu v u  and d e p th  o f  n o tc h .
B a h g a t and H e r r in 19 e x te n d e d  th e  w prk by in c lu d in g  i n  t h e i r  f r a c t u r e  
t e s t i n g  an im p a c t t e s t  to  e v a lu a t e  th e  b r i t t l e  r e s i s t a n c e  o f  a s p h a l t i c  
m ix t u r e s ,
M a jid z ad e h  e t  a l 20 a t te m p te d  to  p r e d i c t  th e  f a t i g u e  l i f e  o f  a 
p a v in g  m ix tu re  i n  te rm s o f  m a te r i a l  c o n s t a n t s ,  g e o m etry , b oundary  
c o n d i t io n s  and th e  s t a t e  o f  s t r e s s ,  and t e s t e d  s im p ly  s u p p o r te d  
beams and  beams on e l a s t i c  f o u n d a t i o n s . They u se d  a  c ra c k  p r o p a g a tio n  
law  d e r iv e d  by P a r i s ,  w h ic h , i n c lu d e s  a s  one  o f  i t s  p a ra m e te r s  th e  
s t r e s s - i n t e n s i t y  f a c t o r  K,
B l ig h t3 u se d  th e  c o n c e p t o f  th e  s t r a i n  e n e rg y  r e l e a s e d  when a 
pavem en t c ra c k s  due  to  s h r in k a g e  s t r e s s e s  to  p r e d i c t  c ra c k  sp a c in g s  
i n  pavem en tg . I n  a d d i t i o n ,  h e  a l s o  showed t h a t  th e  maximum w heel 
lo a d  to  c a u se  f l e x u r a l  f a i l u r e  o f  a pavem en t c o u ld  be o b ta in e d  in  
p r i n c i p l e .  F i n a l l y ,  u s in g  th e  c o n c e p t t h a t  f a i l u r e  o c c u r s  when a 
l i m i t i n g ,  c r i t i c a l  o r  s a t u r a t i o n  q u a n t i t y  o f  p l a s t i c  w ork h a s  been  
p e rfo rm ed  on a  m a t e r i a l ,  h e  was a b l e  t o  d e r iv e  an e x p re s s io n  p r e d i c t i n g  
th e  num ber o f  c y c le s  to  f a i l u r e ,  and from  t h i s  th e  p l a s t i c  d e fo rm a tio n  
th e  pavem ent c an  t o l e r a t e  b e f o r e  c ra c k in g .  T hus, th e  f a t i g u e  p ro b lem  
i s  v iew ed  in  te rm s  o f  t o l e r a b l e  p e rm a n en t d e fo r m a tio n .
(3 ) S o i l  Cement
The c l a s s i c  w ork c a r r i e d  o u t  on  th e  a p p l i c a t i o n  o f  f r a c t u r e  m e ch a n ics  
to  th e  f a i l u r e  o f  s o i l  cem ent was done by  G eo rge2 1 . He u se d  v e ry  
s i m i l a r  m ethods i n  d e te r m in in g  th e  p a ra m e te r s  G and K a s  th o se  
u se d  f o r  c o n c r e te  o r  a s p h a l t ,  and found  c h a t  s o i l  ty p e , te m p e ra tu re  
and lo a d in g  r a t e  a l l  a f f e c t e d  th e s e  p a ra m e te r s .  He th e n  u se d  G 
.a n d  R to  e v a .lu a te  th e  c ra c k  p r o p a g a tio n  p o t e n t i a l  i n  a pavem ent b a s e .
He u se d  m odel s t u d i e s  o f  a s o i l - c e o e n t  b a s e ,  and c o n c lu d e d  t h a t  K 
r a t h e r  th a n  G was th e  p a ra m e te r  g o v e rn in g  th e  r a t e  o f  c ra c k  p r o p a g a tio n .  
C rack  p r o p a g a tio n  r a t e  i n c r e a s e d  w i th  a d e c r e a s e  i n  K . He a ls o  
c o n s id e r e d  th e  s p a c in g  and c o n f ig u r a t io n  o f  c ra c k s  i n  a s o i l - c e m e n t  
b a s e ,  u s in g  th e  p r i n c i p l e  o f  minimum p o t e n t i a l  e n e r g y . H is  f i n d in g s  
t h a t  th e  c ra c k  p a t t e r n  s h o u ld  b e  one  o f  random  o r th o g o n a l  po ly g o n s 
w ith  a  b i a s  to w a rd s h exagons w ere  b o rn e  o u t  by h i s  m odel s t u d i e s .
(A) Lime S t a b i l i s e d  S o i l  
S l i g h t 3 c a r r i e d  o u t  b o th  beam bund in g  and u n c o n fin e d  c o m p re s s io n  t e s t s  
on s o i l - l i m e ,  i n  o r d e r  to  f in d  th e  e f f e c t i v e  f r a c t u r e  s u r f a c e  e n e rg y  y ,
i . e .  Che a c t u a l  w ork o f  f r a c tu r f c ,  Age and  lim e  c o n te n t  had  v e ry  
l i t t l e  e f f e c t  on y .  He a l s o  p l o t t e d ,  f o r  a num ber o f  d i f f e r e n t  
cem en ted  m a t e r i a l s ,  v a lu e s  o i  y  v e r s u s  s t r a i n  a t  f a i l u r e ,  on a l o g - lo g  
p l o t .  The y  te rm  c o n ta in s  p l a s t i c  w ork done to  c a u se  th e  m a te r i a l  to  
f r a c t u r e ,  and s in c e  p l a s t i c  work i s  accom pan ied  Uy s t r a i n ,  th e  p l a s t i c  
w ork in c r e a s e s  a s  th e  s t r a i n  to  f a i l u r e  i n c r e a s e s .  The r e s u l t s  o f  
B l i g h t 's  l o g - lo g  p l o t s  a r e  a s e r i e s  o f  s t r a i g h t  l i n e s  o f  a p p ro x im a te ly  
c o n s ta n t  s lo p e ,  eac h  l i n e  r e p r e s e n t in g  a p a r t i c u l a r  m a t e r i a l .  T hese  
p l o t s  seem  to  i n d i c a t e  a  r e l a t i o n  b e tw een  y  and
B l ig h t  c a l c u l a t e d  th e  e f f e c t i v e  f r a c t u r e  s u r f a c e  e n e rg y  o f  h i s  
cem en ted  m a t e r i a l s ,  y ,  by  e q u a t in g  th e  w ork  done by  th e  a p p l ie d  lo a d  
to  p ro d u c e  f r a c t u r e  ( i . e .  th e  a re a  u n d e r  th e  l o a d - d e f l e c t i o n  c u rv e )  
to  th e  a re a  o f  f r a c t u r e  s u r f a c e  p ro d u c e d , i . e .
r a - ^ -  ( 1 . 10)
w here  Ap m e asu re d  in p u t  e n e rg y  = w ork done i n  f r a c t u r i n g  th e  
specim en  = a re a  u n d e r  F ,6  c u rv e , and A^ = a r e a  o f  new f r a c t u r e  s u r f a c e s .  
(N o te -a  c ra c k  o pens up two new f r a c t u r e  s u r f a c e s ,  so  Af  in c lu d e s  b o th  
o f  th e  nev  s u r f a c e s ) .
y  c a n  b e  i n t e r p r e t e d  a s  th e  e n e rg y  a b s o r p t io n  o f  c ra c k  p r o p a g a tio n , 
and e q u a tio n  ( 1 .1 0 )  im m e d ia te ly  r e l a t e s  i t  to  b o th  th e  s u r f a c e  f r e e  
e n e rg y  p lu s  any o th e r  e n e r g y -a b s o r b in g  p r o c e s s e s  t h a t  may be in s e p a ­
r a b ly  c o n n e c te d  w ith  f r a c t u r e .  In  an  i d e a l l y  b r i t t l e  m a t e r i a l ,  che 
f r a c t u r e  s u r f a c e  a re a  w ould  be e q u a l  to  tw ic e  th e  c r o s s - s e c t i o n a l  
a r e a  o f  che sp e c im en . H ow ever, a s  m en tio n ed  p r e v io u s ly ,  m u l t i p l e  
m ic r o -c ra c k in g  in  th e  h ig h ly  s t r e s s e d  zone can  o c c u r ,  a s  w e l l  a s  
m e an d e rin g  c ra c k  p a th s  ( e g .  a s  i n  c o n c r e t e ) ,  and th e  a c t u a l  t r u e  
f r a c t u r e  s u r f a c e  a r e a  may b e  many tim e s  l a r g e r  th a n  th e  e f f e c t i v e  
s u r f a c e  a re a  r e p r e s e n te d  by th e  c r o s s - s e c t i o n a l  a r e a .  I n  t h i s  c a s e ,  
one may com pute th e  e f f e c t i v e  f ra c C u ro  s u r f a c e  e n e rg y  a s
w here  Aq i s  th e  no m in a l c r o s s - s e c t i o n a l  a r e a .  To com pute th e  a c tu a l  
f r a c t u r e  s u r f a c e  e n e rg y  w ould r e q u i r e  a know ledge  o f  Af . The t r u e  
Ag c an  be o b ta in e d  from  a te c h n iq u e  such  a s  q u a n t i t a t i v e  m ic ro sco p y , 
w hich  s tu d i e s  th e  c ra c k s  on U>cs f r a c t u r e  s u r f a c e .
B l ig h t  p resum ed t h a t  y  was made up o f  two c o m p o n e n ts :-  th e  
t r u e  f r e e  s u r f a c e  e n e rg y  o f  th e  m a t e r i a l ,  and th e  p l a s t i c  w ork com ponent 
r e q u i r e d  to  c a u s e  f r a c t u r e ,  and in c lu d e d  th e  f o l lo w in g  f a c t o r s  i n  th e  
p l a s t i c  w ork com ponent
( a )  Work u n a cc o u n ted  f o r  by th e  i n a b i l i t y  to  a c c u r a t e l y  m easu re  
th e  t r u e  s u r f a c e  e n e rg y  o f  th e  f r a c t u r e  s u r f a c e s .
• (b ) Work done in  d i l a t a n c y  and p a r t i c l e  r e o r i e n t a t i o n  n e a r  f a i l u r e
(c )  Work done .in p r o d u c in g  m ic r a c ra c k s  t h a t  do n o t  fo rm  p a r t  
o f  th e  v i s i b l e  f r a c t u r e  s u r f a c e
(d) A c tu a l  p l a s t i c  d e fo rm a tio n  o f  th e  m a te r i a l
B l ig h t  a l s o  su g g e s te d  t h a t  che t r u e  f r a c t u r e  s u r f a c e  e n e rg y  o f  a 
cem ented  m a te r i a l  i s  r e p r e s e n te d  by th e  s u r f a c e  e n e rg y  o f  th e  cem e n tin g  
com ponen t, and th e  e f f e c t i v e  f r a c t u r e  s u r f a c e  e n e rg y  y e x ce ed s  th e  t r u e  
s u r f a c e  e n e rg y  y  by th e  am ount o f  p l a s t i c  w ork r e q u i r e d  to  c au se  
f r a c t u r e .  The e n g in e e r  in v a r i a b ly  r e q u i r e s  ? f o r  h i s  c a l c u l a t i o n s ,  
a s  lo n g  a s  ‘f  r e p r e s e n t s  th e  f a i l u r e  mode l i k e l y  to  be e x p e r ie n c e d  
in  p r a c t i c e .  T h is  means t h a t  t e s t i n g  p r o c e d u re s  m u st b e  l in k e d  to  
a c t u a l  s e r v i c e  c o n d i t io n s  f o r  th e  m a t e r i a l .
1 .5  I n t r o d u c to r y  Rem arks on F r a c tu r e  T e s t in g  
O ver th e  l a s t  d e ca d e  o r  s o , f r a c t u r e  m e ch a n ics  h a s  had  a  r a p id  
d e v e lo p m e n t w i th  m ost o f  th e  im p e tu s  coining from  p ro b lem s o f  che 
f r a c t u r e  o f  h ig h - s t r e n g c h  m e t a l l i c  m a t e r i a l s .  R e se a rc h  in  Che m e c a l l ic  
f i e l d  h a s  been  s t i m u la te d  l a r g e l y  by r e c e n t  r e q u ir e m e n ts  o f  m i l i t a r y  
and a e ro s p a c e  s t r u c t u r e s  to  b e  made o f  h i g h - s t r e n g t h ,  l i g h tw e ig h t  
m a t e r i a l s . The q u e s t io n s  to  h e  r e s o lv e d  c e n te re d  a ro u n d  how to  
e v a lu a te  th e  s t r e n g t h  o f  m e ta l s  in  th e  p r e s e n c e  o f  c ra c k s  o r  c ra c k -  
l i k e  d e f e c t s ,  s in c e  th e  a v e ra g e  s t r e s s e s  a t  w h ich  f a i l u r e  due  to  
c a t a s t r o p h ic  c ra c k  p r o p a g a tio n  o c c u r re d  w are  way be low  th e  y i e ld  
s t r e n g t h  o f  th e  m a t e r i a l .  The d e v e lo p m e n t o f  la b o r a to r y  t e s c s  and 
a n a l y t i c a l  t e c h n iq u e s  Co p e rm i t  a  m e asu re  o f  f r a c t u r e  to u g h n e s s  h as  
be en  b a sed  i n  th e  G r i f f i t h - I r w i n  l i n e a r  e l a s t i c  f r a c t u r e  m e ch a n ics  
th e o ry .
C u r r e n t  s t u d i e s  i n  th e  m e t a l l i c  f i e l d  have  b e e n  aim ed a t  m e asu r in g  
th e  f r a c t u r e  to u g h n e ss  o r  c ra c k  to l e r a n c e  o f  a m a t e r i a l ,  t h a t  i s ,  
th e  maximum s isse  o f  d e f e c t ,  w h e th e r  n a t u r a l  o r  a r t i f i c i a l ,  t h a t  can 
be c o le r a t e d  i n  a m a te r i a l  im .lu r a g iv e n  s t r e s s  l e v e l .  I t  i s  
u n r e a l i s t i c  to  depend  upon th e  t o t a l  a b se n c e  o f  c r a c k - l i k e  d e f a c ts
T h e r e fo r e ,  i t  i s  n e c e s s a r y  Co know so m e th in g  o f  th e  c ra c k  to le r a n c e  
o f  m a te r i a l s  i n  o r d e r  Co p r e d i c t  th e  q u a l i t y  o f  t h e i r  s e r v i c e  l i f e .
I n  t h e  m e t a l l i c  f i e l d ,  f r a c t u r e  m e ch a n ics  h a s  found  an im m ed ia te  
a p p l i c a t i o n  i n  c h ose  s i t u a t i o n s  w here  p la n e  s t r a i n  f r a c t u r e s  o c c u r  
c a u s in g  th e  m a te r i a l  Co f a i l  w ith o u t  e x c e s s iv e  p l a s t i c  d e fo r m a tio n . 
T h is  has le d  to  c o n s id e r a b le  w ork b e in g  do n e  in  th e  m e c a l l ic  f i e l d  
on th e  developm en t oE s u i t a b l e  m ethods o f  f r a c t u r e  t e s t i n g .
H ow ever, i n  th e  n o n - m e t a l l ic  f i e l d ,  th e  a p p l i c a t i o n  o f  f r a c t u r e  
m e ch a n ics  i s  s t i l l  a  r e l a t i v e l y  new f i e l d ,  and no u n ifo rm  a p p ro a ch  
seem s to  h av e  be en  d e v e lo p e d . T h is  i s  s t r a n g e ,  s in c e  i t  i s  i n  th e  
n o n - m e t a l l ic  f i e l d  t h a t  th e  t r a d i t i o n a l  " i d e a l  b r i t t l e "  m a te r i a l s  
o c c u r ,  to  w h ich  che G r i f f i t h - l r v i n  th e o ry  has d i r e c t  a p p l i c a t i o n .
Dp t o  t h i s  s t a g e ,  few  d i r e c t  o r  l o g i c a l  a p p l i c a t i o n s  o f  f r a c t u r e  
m e ch a n ics  to  n o n - m e ta l l ic  m a te r i a l s  h av e  b e e n  m ade. One e x c e p tio n  
has be en  a f r a c t u r e  m e c h a n ic s -b a se d  s tu d y  o f  che c ra c k in g  o f  ro ad  
p a v em e n ts3 . N o n -m e ta l l ic  m a te r i a l s  a r e  g e n e r a l l y  f a r  m ore n o tc h -  
sen . L ive  th a n  m e t a l l i c  m a t e r i a l s ,  and t h i s  m eans t h a t  f r a c t u r e  
t e s t i n g  o f  b r i t t l e  n o n -m e ta ls  h a s  i t s  own s p e c i f i c  p ro b lem s a s s o ­
c i a t e d  w ith  i t .  W hile  th e  fu n d a m e n ta ls  o f  th e  f r a c t u r e  t e s t i n g  
o f  m e ta l s  o r  n o n -m e ta ls  a r e  th e  sam e, th e  d e t a i l e d  a p p l i c a t i o n  
d i f f e r s .  A ls o , n c  m a te r i a l  con fo rm s to  th e  i d e a l  e l a s C i u " b r i t t l e  
ty p e  o f  f a i l u r e  assum ed in  l i n e a r  e l a s t i c  f r a c t u r e  m e c h a n ic s , and 
i c  i s ,  t h e r e f o r e ,  n e c e s s a r y  to  d e v e lo p  s p e c i f i c a c io n s  f o r  v a l id  
f r a c t u r e  t e s t i n g ,  w h e th e r  o f  m e ta ls  o r  n o n - m e ta ls .
1 .6  Scope o f  T h is  D i s s e r t a t i o n
T h is  d i s s e r t a t i o n  bo rrow s e x t e n s i v e ly  fro m  th e  id e a s  a l r e a d y  p u t 
f o rw a rd  in  t r e a t i s e s  on th e  f r a c t u r e  t e s t i n g  o f  h ig h  s t r e n g th  m e t a l l i c  
m a te r i a l s  ( e g . r e f s .  22 and 2 3 ) ,  and d e v e lo p s  th e s e  id e a s  i n  r e l a t i o n  
t o  n o n - m e ta ls ,  a t te m p t in g  to  a r x iv e  a t  some l o g i c a l  and  u n ifo rm  
m ethod o f  f r a c t u r e  t e s t i n g  o f  n o n - m e t a l l ic  m a t e r i a l s ,  s p e c i f i c a l l y  
th o s e  cem ented  m a te r i a l s  i n  common u se  i n  C i v i l  E n g in e e r in g  c o n s t r u c ­
t i o n .  I n  o r d e r  to  do t h i s ,  an e x te n s i v e  l a b o r a to r y  t e s t  p rog ram  
w as i n i t i a t e d ,  i n  w hich  n o tc h e d  and  u n -n o tc h e d  beams o f  m o r ta r  and 
a s p h a l t  w ere f r a c t u r e  t e s t e d  in  f l e x u r e .  T h is  a llo w ed  th e  d i f f e r e n t  
v a r i a b l e s  a f f e c t i n g  th e  f r a c tu v u  p a ra m e te r s  o b ta in e d  fro m  th e  t e s t s  
t o  b e  i s o l a t e d  and  e v a lu a te d .  I n  p a r t i c u l a r ,  th e  r a t e  o f  s t r a i n
and t e s t i n g  m ach ine  h a rd n e s s  w ere  fo und  Co have  a  s ig n i f ic a n C  e ffe c C  
on che  f r a c t u r e  b e h a v io u r  o f  Che beam s. The u se  o f  d i f f e r e n C  n o tc h e s  
a l s o  a llo w ed  an  i n v e s t i g a t i o n  o f  che  po s-C -crac k in g  b e h a v io u r  o f  th e  
beam s. I n  o r d e r  to  c o r r e  . t l y  m easu re  Chose q u a n c ic ie : .  a firecC ing  
th e  f r a c t u r e  p a ra m e te r s ,  i t  was n e c e s s a r y  Co pay c lo s e  a t t e n t i o n  Co 
a d e q u a te  in s t r u m e n ta t io n  o f  che t e s t s . The f ra c C u c e  p r o p e r t i e s  
o f  Che cem ented  m a c e r i a l s  sC u d ied  w ere  Chen u se d  to  a c te m p t an 
e v a lu a t io n  o f  Che f r a c t u r e  t e s t i n g  o f  n o n - m e t a l l ic  m a t e r i a l s .  T h is  
le d  f i n a l l y  to  p r o p o s a l s  o f  some t e n t a t i v e  c r i t e r i a  f o r  v a l i d  f r a c t u r e  
t e s t i n g  o f  n o n - m e t a l l ic  m a t e r i a l s .
CHAPTER 2
FUNDAMENTAL REQUIREMENTS FOR THE DESIGN AMD TESTING 
OF FRACTURE SPECIMENS
The fu n d am e n ta l r e q u ir e m e n ts  f o r  th e  d e s ig n  and  t e s t i n g  o f  f r a c t u r e  
specim ens a p p ly  to  a n y  m a t e r i a l ,  w h e th e r  m e t a l l i c  o r  n o n - m e t a l l ic .
The d e t a i l e d  r e q u ir e m e n ts  f o r  th e  f r a c t u r e  t e s t i n g  o f  any p a r t i c u l a r  
m a te r i a l  iftay d i f f e r ,  h o w ev e r, from  o th e r  m a t e r i a l s .  F o r  in s t a n c e ,  
th e  p l a n e - s t r a i n  f r a c t u r e  t e s t i n g  o f  m e ta l s  o f t e n  l e a d s  to  a phenomenon 
c a l l e d  'p o p - i n ' b e in g  o b s e rv e d , w h ich  i s  n o t  o b se rv e d  in  th e  f r a c t u r e  
t e s t i n g  o f  o th e r  c o n s t r u c t io n  m a t e r i a l s .  On th e  o th e r  h a n d , non - 
m e t a l l i c  m a te r i a l s  o f t e n  e x h ib i t  a  f a r  m ore b r i t t l e  ty p e  o f  f r a c t u r e ,  
l e a d in g  to  p ro b lem s o f  how to  m o n ito r  th e  lo a d  and  d e f l e c t i o n  a t  th e  
c r i t i c a l  p o i n t  o f  i n s t a b i l i t y  and  s u b s e q u e n t  p e r io d  o f  r a p id  c ra c k  
p r o p a g a tio n ,  th a n  do th e  more d u c t i l e  m e ta l s . S in c e  th e  f r a c t u r e  
t e s t i n g  o f  m e t a l l i c  m a t e r i a l s  i s  more a dvanced  i n  te c h n iq u e  and in  
a p p l i c a t i o n  th a n  t h a t  o f  n o n - m e ta l l ic  m a t e r i a l s ,  i t  h a s  be en  a d v a n ta ­
geous in  c o n s id e r in g  th e  fu n d am e n ta l r e q u ir e m e n ts  f o r  n o n - m e ta l l ic  
m a te r i a l s  f r a c t u r e  t e s t i n g ,  to  b o th  bo rro w  and d e v e lo p  c o n c e p ts  and 
te c h n iq u e s  a l r e a d y  a dvanced  in  th e  m e t a l l i c  f i e l d .  T h u s , much o f  
th e  c o n te n t  o f  t h i s  c h a p te r  i s  by no means o r i g i n a l ,  b u t  i t  i s  n e c e s s a r y  
to  in c lu d e  i t  i n  o r d e r  to  a s s i s t  i n  d e v e lo p in g  th e  d i s c u s s io n  o f  
su b se q u e n t c h a p te r s .
The l i n e a r - e l a s t i c  th e o ry  o f  F r a c tu r e  M echan ics  can  b e  a p p l ie d  to  
specim ens p r o v id e d  th e  p l a s t i c  o r  h ig h l y - s t r e s s e d  zone a head  o f  th e  
c ra c k  t i p  i s  be low  a  c r i t i c a l  s i z e  i n  r e l a t i o n  to  th e  sp e c im en  s i z e ,  
th e re b y  c a u s in g  th e  l o c a l i s e d  p l a s t i c  o r  p s e u d o - p l a s t i c  d e fo rm a tio n  
a t  th e  r o o t  o f  th e  n o tc h  (o r  c ra c k )  t o  b e  accom odated  w i th in  p u r e ly  
e l a s t i c  su r ro u n d in g s . The f r a c t u r e  to u g h n e ss  o f  a  m a te r i a l  depends 
p r im a r i l y  upon th e  d u c t i l i t y ,  f o r  m e ta l s ,  and a n a lo g o u s ly  m ic ro -  
c ra c k in g  t o r  b r i t t l e  n o n - m e ta ls ,  a t  th f . r o o t s  o f  th e  n o tc h e s .  
I n v e s t i g a t o r s  i n  th e  m e t a l l i c  f i e l d 11' have  d e f in e d  th e  P l a s t i c  Zone 
S i z e  F a c to r  a s  b e in g  R ■ Mien S i s  sm a ll i n  r e l a t i o n  to
specim en  d im e n s io n s , p l a n e - w tr a in  c o n d i t io n s  p r e v a i l ,  and th e  t e s t
i s  a  v a l i d  K f r a c t u r e  t e s t .  When R i s  l a r g e ,  p l a n e - s t r e s s  c o n d i t io n s  
p r e v a i l ,  and th e  f r a c t u r e  to u g h n e s s  m e asu re d  c an  b e  much g r e a t e r  
th a n  th e  low er l i m i t  r e p r e s e n te d  by th e  p la n e - '- s t r a in  v a lu e .
( s e e  F ig .  1 .4 )  A l l  o f  t h i s  im p l ie s  t h a t  f r a c t u r e  t e s t  sp e cim en s 
m u st m eet w ith  c e r t a i n  d im e n s io n a l and sh a p e  r e q u i r e m e n ts . I n  
p a r t i c u l a r ,  a  sam p le  f o r  f r a c t u r e  t e s t i n g  m ust h av e  some minimum 
d im e n s io n s  i f  t h e  r e s u l t s  a r e  to  b e  m e a n in g f u l . T h is  re q u ire m e n t  
h as b e en  r e c o g n is e d  and a p p l ie d  i n  th e  m e t a l l i c  f i e l d ,  b u t  somewhat 
ig n o re d  i n  th e  n o n - m e t a l l ic  f i e l d .
2 .1  R e q u irem e n ts  fo e  a  S a t i s f a c t o r y  F r a c tu r e  T oughness T e s t 
B a s i c a l l y ,  a  f r a c t u r e  to u g h n e ss  t e s t  in v o lv e s  lo a d )  .ig a  specim en  
w h ich  c o n ta in s  some ty p e  o f . p r e - c r a c k  o r  n o tc h  u n t i l  th e  c ra c k  
becom es u n s ta b le  and e x te n d s  a b r u p t l y .  Such sp e cim en s may b e  lo a d ed  
i n  p u re  t e n s io n ,  o r  i n  d i f f e r e n t  w ays o f  beam b e n d in g , su c h  a s  p u re  
b e n d in g , o r  b e n d in g  com bined  w i th  s h e a r .  A t th e  c r i t i c a l  p o i n t  o f  
u n s t a b l e  c ra c k  p r o p a g a t io n ,  th e  e n e rg y  b a la n c e  becom es f a v o u r a b le  
f o r  f r a c t u r e ,  and i t  i s  p o s s ib l e  to  m easu re  a  K o r  a u  v a lu e .
The f r a c t u r e  p a ra m e te r s  m easu red  a r e  n o t  o n ly  a  f u n c t i o n  o f  specim en  
g eom etry  and  lo a d in g ,  b u t  a l s o  o f  su c h  v a r i a b l e s  a s  te m p e r a tu re , 
s t r a i n - r a t e  and r e l a t e d  c r e e p .  A l l  f r a c t u r e  t e s t i n g  l e a d s  to  a 
w id e  s c a t t e r  o f  r e s u l t s ,  and f o r  d e s ig n  p u rp o se s  i t  i s  u s u a l ly  b e s t  
to  a c c e p t  t h e  lo w e r  c o n f id e n c e  l i m i t s .
'Ih e  o u tp u t  fro m  a f r a c t u r e  t e s t  i s  u s u a l ly  i n  th e  fo rm  o f  a c u rv e  
o f  a p p l ie d  lo a d  v e rs u s  some m easu rem en t o f  d e f l e c t i o n  w h ich  c an  l a t e t  
b e  i n t e r p r e t e d  i n  te rm s  o f  th e  e x te n s io n  o f  th e  c ra c k .  Such d e f l e c t i o n  
m easu rem en ts  c o u ld  be che d e f l e c t i o n  o f  th e  lo a d  p o i n t s ,  o r  th e  
r e l a t i v e  d is p la c e m e n t  o f  two p o in t s  lo c a t e d  s y m m e tr ic a lly  on o p p o s i t e  
s id e s  o f  th e  c ra c k  p l a n e .  The ty p e  o f  common cem en ted  m a te r i a l s  
exam ined  a s  p a r t  o f  t h i s  d i s s e r t a t i o n  e x h i b i t  th e  b e h a v io u r  o f  slow  
c r a c k  grow th  p r i o r  to  c a t a s t r o p h ic  f r a c t u r e  (w hich  i s  somewhat 
a n a lo g o u s  to  th e  'p o p - i n '  phenomenon in  m e ta l s ) .  H e re , th e  c ra c k  
e x te n d s  s lo w ly  u n t i l  i t  r e a c h e s  a  c r i t i c a l  le n g th  a t  w h ich  th e  lo a d  
on th e  specim en  c a u se s  r a p id  p r o p a g a t io n ,  and i t  i s  im p e r a t iv e  t o  be 
a b lii  to  m easu re  t h i s  s lo w  c ra c k  grow th  by some ty p e  o f  d e fX c c tio n  
m e asu re m en t. The m ethod  a d o p te d  h e re  was t o  d e r iv e  e x p e r im e n ta l ly
and t h e o r e t i c a l l y  a  r e l a t i o n s h i p  b e tw ee n  beam co m p lia n ce  and 
c r a c k - le n g th 0 . (See  l a t e r  S e c t io n  3 . 2 . 4 ) .  An a u to g ra p h ic
r e c o rd in g  o f  che lo a d - d e f l e c t i o n  c u rv e  i s  th e  mosc s a t i s f a c t o r y  
m eans o f  c o n d u c tin g  a  t e s t  p r o v id e d  th e  a u to g ra p h ic  p l o t t e r  i s  
s u f f i c i e n t l y  s e n s i t i v e  t o  p ic k  up th e  t r a n s i e n t  e f f e c t s  a t  c a t a s ­
tr o p h ic  f a i l u r e  o r  u n s t a b l e  c ra c k  g ro w th . (S ee  l a t e r  S e c t io n  3 .3 )  
H ence, a s a t i s f a c t o r y  f r a c t u r e  to u g h n e ss  t e s t  sh o u ld  m eet two 
req u  i r e m e n t s : -
(1 ) The specim en  d im e n s io n s , and lo a d in g  a rra n g e m e n t sh o u ld  
a l lo w  th e  f r a c t u r e  p a ra m e te r s  ( e g . G o r  K) to  b e  c a l c u l a t e d  
a c c u r a t e l y  a t  any  s ta g e  o f  th e  t e s t  a t  w h ich  th e  v a lu e s  o f  lo a d  
and  c ra c k  d im e n s io n s  a r e  known.
(2 ) The v a lu e s  o f  lo a d  and  c ra c k  d im e n s io n s  ac  th e  p o in t  o f  
i n s t a b i l i t y  o f  c ra c k  e x te n s io n  (G o r  K ) sh o u ld  be a c c u r a te l y  
m e asu re d .
2 .2  C o n s id e r a t io n  o f  th e  S im p le s t  Type o f .F r a c t u r e  M odel 
The s im p le s t  ty p e  o f  f r a c t u r e  m odel i s  t h a t  o f  an  a x i a l l y  sym m etric  
c ra c k  in s i d e  a body s u f f i c i e n t l y  l a r g e  t h a t  bo u n d a ry  s u r f a c e  e f f e c t s  
on th e  s t r e s s  f i e l d  o f  th e  c ra c k  a r e  n e g l i g i b l e .  The specim en  i s  
t e s t e d  by  s t e a d i l y  in c r e a s in g  th e  g r o s s  t e n s i l e  s t r e s s  o  a p p lie d  
rem otci from  and n o rm al to  th e  c ra c k  p la n e .  The o p e n in g  mode s t r e s s  
i n t e n s i t y  a t  e v e ry  p o in t  a round  th e  c ra c k  b o r d e r  i s  g iv e n  b y : -
(2c  = e f f e c t i v e  c ra c k  d ia m e te r ,  and f o r  m e ta l s ,  c  m u st b e  in c re a s e d  
by a  p l a n e - s t r a i n  p l a s t i c  zone c o r r e c t i o n  te rm  f o r  m a tch in g  an 
e q u iv a le n t  e l a s t i c  c ra c k  to  an  e l a s t i c - p l a s t i c  c r a c k ) .
A n o th e r a l t e r n a t i v e  s im p le  f r a c t u r e  m odel i s  Che o r i g i n a l  G r i f f i t h  
m o d e l, t h a t  o f  a  w ide  p l a t e  o f  w id th  W u n d e r  u n ifo rm  u n ia x i a l  t e n s io n  
o , and c o n ta in in g  a  s t r a i g h t  i d e a l  c ra c k  o f  le n g th  2 c , l e s s  th a n  
W /10, i n  th e  c e n te r  and no rm al t o  che d i r e c t i o n  o f  che  a p p l ie d  s t r e s s .  
(See  F i g .  1 .2 )
a .  Beam C om pliance  i s  d e f in e d  a s  th e  i n v e r s e  o f  th e  s lo p e  o f  th e  
l i n e a r  p o r t i o n  o f  th e  l o a d - d e f l e c t i o n  c u rv e ,  i . e .  a  d e f l e c t i o n  p e r  
u n i t  lo a d  when th e  lo a d  in  e x p re s s e d  a s  a  lo a d  p e r  u n i t  beam
( 2 . 1)
The s t r e s s  i n t e n s i t y  f a c t o r  f o r  t h i s  c
( 2 . 2 )
I n  su c h  a m o d e l, o n ly  th e  s t r e s s  f i e l d  im m e d ia te ly  a ro u n d  th e  c ra c k  i s  
d i s t u r b e d ,  and h e n c e  th e  h ig h l y - s t r e s s e d  zone a head  o f  th e  c ra c k  i s  
l o c a te d  i n  p u r e ly  e l a s t i c  su r ro u n d in g s . I t  h a s  be en  shown in  th i c k  
m e t a l l i c  sp e cim en s t h a t  p l a n e - s t r a i n  c o n d i t io n s  p r e v a i l  i n  Che m id d le  
p a r t  o f  th e  th ic k n e s s ,  and p l a n e - s t r e s s  c o n d i t io n s  n e a r  th e  f a c e s ,  
i . e .  f r e e  f a c e s  im p a r t  a  c o n s t r a i n t - r e l i e v i n g  in f lu e n c e  to  th e  c ra c k  
f r o n t ,  and th e r e f o r e  th e  th ic k n e s s  o f  th e  specim en  s h o u ld  b e  g r e a t e r  
th a n  th e  low er l i m i t  w here  t h i s  in f lu e n c e  e x te n d s  e n t i r e l y  th ro u g h  
th e  t h i c k n e s s .  T h is  l i m i t i n g  th ic k n e s s  m ust u s u a l ly  b e  found  by 
e x p e r im e n t.  Common c o n s t r u c t io n  m a te r i a l s  a r e  u s u a l ly  n o t  u se d  in  
th e  fo rm  o f  t h in  s h e e t s ,  and th e  a ssu m p tio n  h a s  a lw ays be en  t h a t  
p l a n e - s t r a i n  c o n d i t io n s  p r e v a i l .  N e v e r t h e le s s , f r a c t u r e  t e s t s  
c u r r e n t ly  b e in g  c o n d u c te d  on g l a s s  have  shown r e s u l t s  t h a t  d i f f e r  
w id e ly  d e p en d in g  on w h e th e r  a de ep  beam o r  f l a t  s l a b  was b e in g  t e s t e d .  
The p l a s t i c  zone s i z e  f a c t o r  R i n  m e ta l s  i n c r e a s e s  r a p id l y  a s  th e  
g e n e r a l  y i e l d  s t r e n g th  o f  th e  m a te r i a l  d e c r e a s e s ,  and t h e r e f o r e ,  th e  
minimum specim en  d im e n s io n s  i n c r e a s e  r a p i d l y  a s  th e  y i e ld  s t r e n g th -  
d e c r e a s e s .  Such an e f f e c t  m ig h t v e ry  w e l l  a l s o  a p p ly  to  n o n - m e ta l l ic  
m a t e r i a l s .
T he f r a c t '- r e  b e h a v io u r  o f  th e s e  s im p le  m odels can  b e  shown by 
m eans o f  i d e a l i s e d  lo a d - d e f l e c t i o n  c u r v e s . An i d e a l ,  p e r f e c t l y  
b r i t t l e  m a te r ia l  w ould  show no in c r e a s e  i n  c ra c k  le n g th  r i g h t  up to  
th e  p o in t  o f  a b r u p t  f r a c t u r e ,  and  a l i n e a r  l o a d - d e f l e c t i o n  c u rv e  
w ould  r e s u l t .  (See  F i g .  2 . 1 ( a ) ) . T h is  c a s e  i s  th e  c l a s s i c  G r i f f i t h  
c a s e ,  a l s o  r e p r e s e n te d  by F ig . 1 . 2 ,  w h ich  i s  n e v e r  o b ta in e d  i n  
p r a c t i c e .  Cem ented m a te r i a l s  u s u a l ly  show s l i g h t  e x te n s io n  o f  *' 
c ra c k  f r o n t  d u r in g  th e  l a s t  s t a g e s  o f  lo a d in g ,  and th e r e f o r e  th e  
d is p la c e m e n t  p e r  u n i t  lo a d  o r  c o m p lia n ce  i n c r e a s e s  n e a r  th e  peak  
o f  th e  c u rv e . fSee F ig .  2 . 1 ( b ) ) .  T h is  n o n - l i n e a r i t y  n e a r  th e  
maximum lo a d  c an  a l s o  b e  due  to  p l a s t i c  o r  p s e u d o - p l a s t i c  d e fo rm a tio n  
a ro u n d  th e  c ra c k  f r o n t  w h ich  m a n i f e s t s  i t s e l f  a s  a v i r t u a l  c ra c k  
e x te n s io n  (e g . m ic r o c r a c k in g  o f  a  b r i t t l e  m a t r i x ) , and c re e p  and o th e r  
tim e -d e p e n d e n t d e fo r m a tio n s . I n  b o th  o f  th e  above c a s e s ,  X o r  G 
i s  c a l c u l a t e d  from  th e  v a lu e  o f  th e  maximum lo a d  and th e  m easured  
c ra c k  le n g th .  H ow ever, when n o n - l i n e a r i t y  o f  th e  c u rv e  becomes
(a .)  X  d & a  I B i- i 111 -a, M a u e r i  
L i n e a r  u p  t o  F r c u c t u
B r i t t l e  o rD u c .t i le  M a te rie l:  
N o n -L in ear n e a r  t o  M axim um  Load.
D e . f  I e o t  i o n  S
F i g .  2 . 1  T y p e s  o f  L o a d - D e f l e o t i o n  C u r . v e s
K g L A T g D  -TO T H E  F  R . A C T U R E  O F
S i m p l e  T d e a l j  z . e: d  M o d e h e .
e x c e s s iv e ,  i c  may b e  d i f f i c u l t :  Co i n f e r  a  o r  G v a lu e .
I n v e s t ig a C o rs  o f  m e ca ls  h av e  l im i t e d  Che am ount o f  n o n - l i n e a r i c y  
a l lo w a b le  by  s p e c i f y in g  Che l im ic s  Chat t h e  in v e r s e  o f  th e  s e c a n t  
s lo p e  b e tw een  z e r o  and maximum lo a d  c an  ex ce ed  th e  c o m p lia n ce  o f  th e  
i n i t i a l  s t r a i g h t  l i n e  p o r t i o n 111.
The s im p le  f r a c t u r e  m ode ls  d is c u s s e d  above a r e  s t r a ig h t f o r w a r d  
in  p r i n c i p l e ,  b u t  a r e  i n e f f i c i e n t  a s  t o  th e  volum e o f  m a te r i a l  
r e q u i r e d  and th e  lo a d  r e q u i r e d .  P l a t e  o r  beam sp e c im e n s , w hich  a re  
c o n c e p tu a l ly  more c o m p lic a te d  (and  h av e  more c o m p lic a te d  e x p re s s io n s  
f o r  K) have  th e r e f o r e  b e e n  d e v e lo p e d .
2 .3  C r i t e r i o n  o f  F r a c tu r e  I n s t a b i l i t y
I t  i s  n e c e s s a r y  to  make seme p r e c i s e ,  unam biguous d e f i n i t i o n  o f  th a t  
p o in t  i n  a  m o n o to n ic a l ly - lo a d e d  f r a c t u r e  t e s t  a t  w hich  u n s ta b le  
c ra c k  e x te n s io n  o c c u r s .  M ost t e s t s  h rv e  a s  th e  in d e p e n d e n t v a r i a b l e  
th e  d e f l e c t i o n  o f  th e  m ach ine  lo a d in g  h e a d s  and t h i s  can  u s u a l ly  
b e  ta k e n  a s  t h e  specim en  d e f l e c t i o n  6 . T h u s , lo a d  F i s  n o t  th e  
in d e p e n d e n t  v a r i a b l e  i n  th e  t e s t .  Then f o l lo w in g  on th e  p r a c t i c e  
o f  i n v e s t i g a t o r s  o f  m e ta l s ,  th e  p o in t  o f  i n s t a b i l i t y  o f  c ra c k  
e x te n s io n  i s  d e f in e d  a s  t h a t  p o in t  a t  w h ich  th e  l o a d - d e f l e c t i o n  
r e l a t i o n s h i p  re a c h e s  a  maximum o r  a  p o in t  o f  z e ro  s lo p e ,  i . e : -
~  = 0 ( 2 .3 )
(N o te : T h is  i s  th e  o p e r a t i o n a l  d e f i n i t i o n  a d o p te d  by  th e  ASTM S p ec’ l l  
C om m ittee on F r a c tu r e  T e s t in g .  See r e f .  22 , p . 138)
A t t h i s  p o in t ,  th e  a b i l i t y  to  c o n t r o l  th e  lo a d  i s  l o s t ,  a t  l e a s t  
te m p o r a r i ly .
G a t  th e  p o in t  o f  i n s t a b i l i t y  can  b e  c a l c u l a t e d  from  m easurem ents 
o f  th e  lo a d  and th e  i n s t a n ta n e o u s  c ra c k  le n g th  a t  t h a t  p o i n t ,  and 
i s  d e s ig n a t e d  G -  a  m easu re  o f  th e  f r a c t u r e  to u g h n e ss  o f  th e  m a t e r i a l .  
O th e r  d e f i n i t i o n s  o f  G do e x i s t ,  su c h  a s  t h a t  v a lu e  o f  G a t  th e  
o n s e t  o f  r a p id  c ra c k  p r o p a g a t io n ,  b u t  t h i s  can  be a  b i t  v a g u e , and 
th e  d e f i n i t i o n  above i s  p r e f e r r e d .
2 .4  C a ta s t r o p h ic ,  S e m i-S ta b le  and S t a b le  F r a c tu r e s
W hile  t h i s  s u b je c t  i s  d i s c u s s e d  in  g r e a t e r  d e t a i l  i n  a l a t e r  s e c t i o n ,  
w i th  s p e c i f i c  r e f e r e n c e  t o  a c t u a l  t e s t s  c o n d u c te d , i t  i s  n e c e s s a r y  
a t  t h i s  s ta g e  to  m e n tio n  t h a t  a. s a t i s f a c t o r y  f r a c t u r e  t e s t  i s  o f t e n  
d e p e n d e n t on w h e th e r  a  c a t a s t r o p h i c ,  a  s e m i - s t a b l e  o r  a s t a b l e  
f r a c t u r e  i s  o b ta in e d .  1'h i s  p ro b lem  i s  more im p o r ta n t  i n  th e  f r a c t u r e  
t e s t i n g  o f  b r i t t l e  n o n -m e ta ls  su c h  a s  cem en ted  m a te r i a l s  th a n  t h a t  
o f  d u c t i l e  m e ta l s ,  and th e  s u b je c t  i s  n o t  u s u a l ly  m e n tio n e d  by in v e s ­
t i g a t o r s  o f  m e ta l s .  The p ro b lem  i s  one o f  th e  c o n t r o l l e d  grow th  
o f  a  c ra c k  i n  a  f r a c t u r e  sp e c im en , and i s  v i t a l l y  r e l a t e d  to  th e  
e l a s t i c  e n e rg y  s c o re d  in  th e  specim en  and th e  m ach ine  sy s te m  a t  th e  
p o in t  o f  u n s ta b le  c ra c k  p r o p a g a tio n .
M a te r ia l s  may f r a c t u r e  i n  d i f f e r e n t  w ays: b r i t t l e  n o n - c r y s t a l l i n e
c r a c k in g ,  a s  i n  g l a s s ;  c le a v a g e  i n  c r y s t a l l i n e  s o l i d s ;  p l a s t i c  
s h e a r  o r  g r a in - b o u n d a ry  s l i d i n g ;  s e p a r a t i o n  o f  a tom s by e v a p o r a t io n  
o r  c h em ic a l d i s s o l u t i o n ;  f r a c t u r e  th ro u g h  b r i t t l e  c o n s t i t u e n t s  
o r  a lo n g  b r i t t l e  i n t e r f a c e s  i n  m u l t i - p h a s e  m a te r i a l s  su c h  a s  c o n c r e te .  
T hese  d i f f e r e n t  p r o c e s s e s  le a d  to  f r a c t u r e s  t h a t  a r e  e i t h e r  c a t a s ­
t r o p h i c ,  s e m i- s ta b le  o r  s t a b l e ,  w here  th e s e  te rm s a r e  d e f in e d  by 
m eans o f  c h a r a c t e r i s t i c  l o a d - d e f l e c t i o n  d ia g ra m s  in  F ig .  2 .2 .
A t th e  p o in t  o f  i n s t a b i l i t y  i n  c a t a s t r o p h ic  f r a c t u r e ,  a l l  c o n t r o l  
o v e r  th e  grow th  o f  th e  c ra c k  i s  l o s t ,  w h ereas s e m i - s t a b l e  and s t a b l e  
f r a c t u r e s  a llo w  some m e asu re  o f  c o n t r o l  o v e r  c ra c k  g ro w th  th ro u g h ­
o u t  th e  t e s t .  M ost b r i t t l e  m a te r i a l s  show  c a t a s t r o p h ic  f r a c t u r e  
i n  a  b e n d in g  t e s t ,  w ith  th e  lo a d  d ro p p in g  i n s t a n t a n e o u s l y  to  z e r o ,  
a s  i n  c u rv e  (A) o f  F ig .  2 .2 .  The e n e rg y  s to r e d  i n  th e  specim en  
a t  th e  pe ak  lo a d  i s  s u f f i c i e n t  to  c a u s e  th e  c ra c k  to  ru n  r i g h t  th ro u g h  
th e  specim en  to  f a i l u r e .  I n  a d d i t i o n ,  i f  a  s o f t  m ach ine  lo a d in g  
sy s te m  i s  b e in g  u s e d ,  e n e rg y  m ig h t a c t u a l l y  be fe d  b a c k  i n t o  th e  
sp e c im en  by th e  m ach ine  a t  th e  p o in t  o f  f a i l u r e .  Such a  f r a c t u r e  th e n  
c o n ta in s  e x c e s s  e n e rg y  o v e r  and  above th e  e n e rg y  r e q u i r e d  to  form  
new c ra c k  s u r f a c e s .  T h is  e x c e s s  e n e rg y  i s  expended  in  su c h  e n e rg y -  
a b s o rb in g  p r o c e s s e s  a s  k i n e t i c  e n e rg y  o f  th e  f r a c t u r e  p i e c e s , s o n ic  
e n e rg y  accom panying  f r a c t u r e ,  h e a t  e n e r g y , and e n e rg y  a s s o c i a te d  
w ith  th e  v e l o c i t y  o f  c ra c k  p r o p a g a tio n .  I n  u s in g , th e  s im p le  fo rm u la  
( e q u a t io n  ( 1 .1 0 ) )  f o r  c a l c u l a l  ing  v i z .  Y “ 6/A£ w here  i s  th e
e n e rg y  ex p en d ed , an i n c o r r e c t  o r  u n r e a l i s t i c  m easu re  o f  y  w i l l  be 
o b ta in e d  i f  A^ , comes from  a  c a t a s t r o p h ic  t e s t  r e c o r d .  T h e r e fo r e ,  
th e  t e s t  m ust b e  d e s ig n e d  to  p ro d u ce  a y  t h a t  w i l l  i n c lu d e  s u r fa c e  
f r e e  e n e r g y , p l a s t i c  f lo w , and any o th e r  e n e rg y -a b s o r b in g  p r o c e s s e s  
in s e p a r a b ly  c o n n e c te d  w i th  f r a c t u r e .  T hose  e f f e c t s  n o t  c o n n e c te d  
w i th  r e a l i s t i c  f r a c t u r e  m u st b e  e l im in a te d .  The way to  do t h i s  i s  
to  p ro d u ce  a s t a b l e  o r  s e m i- s ta b le  f r a c t u r e  i n  th e  f r a c t u r e  t e s t ,  
by c o n t r o l l i n g  th e  c ra c k  g ro w th . T h is  m eans t h a t  e x t e r n a l  w ork 
m ust c o n t in u a l ly  b e  done to  ke ep  th e  c ra c k  m oving . I t  i s  th e n  
p o s s ib l e  to  m easu re  th e  am ount o f  e n e rg y  r e q u i r e d  to  make i t  g row .
A s t a b l e  o r  s e m i- s ta b le  f r a c t u r e  i s  a c h ie v e d  by l im i t i n g  th e  am ount o f  
e l a s t i c  e n e rg y  s to r e d  i n  th e  sp e c im e n  and m ach ine  lo a d in g  sy s te m  
a t  th e  moment o f  f r a c t u r e  i n i t i a t i o n , th e re b y  p r e v e n t in g  sp o n ta n e o u s  
c ra c k  p r o p a g a t io n ,  due to  i n s u f f i c i e n t  e n e rg y  b e in g  a v a i l a b l e  to  
c a u se  t o t a l  f r a c t u r e .  The s to r e d  e l a s t i c  e n e rg y  c a u se s  th e  c ra c k  to  
p r o p a g a te ,  b u t  d ro p s  o f f  so  q u ic k ly  t h a t  c ra c k  grow th  i s  checked  
( s e e  c u rv e s  (B) and (C) o f  P i g .  2 . 2 ) .  F u r th e r  e x t e r n a l  w ork i s  
r e q u i r e d  b e fo r e  f i n a l  f r a c t u r e  o c c u r s .  T h u s , th e  t o t a l  e x t e r n a l  
w ork e n e r g y , a s  c a l c u l a t e d  from  th e  a re a  u n d e r  th e  lo a d  d e f l e c t i o n  
c u r v e , i s  tr a n s fo rm e d  i n t o  f r a c t u r e  e n e rg y  w ith o u t  e x c e s s  e n e rg y .
The am ount o f  e l a s t i c  e n e rg y  a v a i l a b l e  f o r  c ra c k  p r o p a g a tio n  a t  Che 
c r i t i c a l  pe ak  lo a d  i s  g o v e rn e d  by th e  s t r a i n  e n e rg y  s to r e d  i n  th e  
sp e c im en  a t  t h a t  i n s t a n t ,  a s  w e l l  a s  th e  s t r a i n  e n e rg y  s to r e d  in  
th e  m a c h in e . I n  o r d e r  to  p ro d u ce  an  a c c e p ta b le  f r a c t u r e  th e n , 
a t t e n t i o n  s h o u ld  b e  g iv e n  to  th e  f o l lo w in g  two f a e t o r s : -
(1 ) T > u s e  o f  a  r i g i d  t e s t  m ach ine  and a  h a rd  lo a d  c e l l .
T h is  . . i t s  th e  am ount o f  e n e rg y  s to r e d  i n  th e  m ach ine  lo a d in g  
sy s te m  and p ro d u c e s  a  more s t a b l e  f r a c t u r e .
(2 ) S hap in g  th e  t e s t  specim en  so  t h a t  o n ly  a s m a ll lo a d  i s  
r e q u i r e d  to  i n i t i a t e  f r a c t u r e  (en e rg y  p r o p o r t i o n a l  t o  th e  
p r o d u c t  o f  th e  lo a d  and th e  d e f l e c t i o n ) . C ra c k -n o tc h in g  th e  
specim en  i s  th e  m ost s u i t a b l e  way o f  l i m i t i n g  th e  s to r e d  e l a s t i c  
e n e rg y  in  th e  sp e c im en . The b e n e f i t s  o f  a  c r a c k - s C a r t e r  n o tc h  
tire  f i r s t l y  t h a t  i t  r e d u c e s  th e  p e ak  lo a d  r e q u i r e d  f o r  f r a c t u r e  
by  r e d u c in g  th e  c r o s s - s e c t i o n  a t  th e  n o tc h  and by p r o v id in g  a 
h ig h  s U e s s  c o n c e n t r a t i o n ,  and se c o n d ly  t h a t  i t  p r e - d e t e r m in e s  
th e  c r o s s - s e c t i o n  o f  f a i l u r e  i n  th e  b e a n . F u r th e rm o re , a  sm a ll
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CHAPTER 3
PRACTICAL SPECIMEN TYPES, FORMULAE AMD INSTRUMENTATION
C h a p te r  2 d e s c r ib e d  th e  s i w l e s t  ty p e  o f  f r a c t u r e  m odel f o r  f r a c t u r e  
t e s t i n g ,  e i t h e r  t h a t  o f  th e  G r i f f i t h  m o d e l, o r  th e  more g e n e r a l  
th re e - d im e n s io n a l  a x i a l l y  sy m m etric  c i r c u l a r  c ra c k  i n  a  la r g e  body .
T hese  f r a c t u r e  m odels do n o t  le n d  th e m se lv es  r e a d i l y  to  p r a c t i c a l  
f r a c t u r e  t e s t i n g ,  due  to  th e  volum e o f  m a te r i a l  r e q u i r e d ,  th e  d i f f i c u l t y  
o f  f a b r i c a t i o n  and t e s t i n g ,  and th e  lo a d  re q u ir e m e n ts  o f  th e  sp e c im en .
F o r  t h i s  r e a s o n ,  many d i f f e r e n t  ty p e s  o f  p r a c t i c a l  sp e cim en s f o r  f r a c t u r e  
t e s t i n g  h av e  b e en  d e v is e d ,  and  o n ce  a g a in  th e  im p e tu s h e re  h a s  come 
p r im a r i l y  from  th e  m e t a l l i c  f i e l d .  T h is  c h a p te r  b r i e f l y  re v ie w s  
th e  d i f f e r e n t  p r a c t i c a l  specim en  ty p e s  d e v is e d  f o r  o p e n in g  mode 
f r a c t u r e ,  and th e n  d i s c u s s e s  i n  more d e t a i l  t h e  p a r t i c u l a r  c ra c k -  
n o tc h e d  beam b e n d in g  sp e cim en s s e l e c t e d  f o r  th e  c u r r e n t  t e s t i n g  
p ro g ra m . I n  a d d i t i o n ,  th e  fo rm u la e  f o r  c a l c u l a t i n g  th e  f r a c t u r e  
p a ra m e te r s  o b ta in e d  from  a t e s t  a r e  p r e s e n t e d ,  and th e  in s t ru m e n ta ­
t i o n  in v o lv e d  i r  th e  t e s t i n g  i s  d i s c u s s e d .
i 3 .1  B r ie f  Review  o f  P r a c t i c a l  Specim en Types
|  The specim en  ty p e s  docum ented  be low  a r e  g iv e n  a s  an  i n d i c a t io n
|  o f  th e  w id e  v a r i e t y  t h a t  a r e  a v a i l a b l e  f o r  f r a c t u r e  t e s t i n g .
* They a r e  d is c u s s e d  i n  f a r  g r e a t e r  d e p th  i n  r e f e r e n c e s  22 and 23,
j; to  w h ich  th e  r e a d e r  i s  r e f e r r e d  f o r  more d e t a i l .  Many o f  th e s e
‘ f r a c t u r e  sp e c im e n s , p a r t i c u l a r l y  th e  d i r e c t  t e n s i l e  t e s t  sp e c .m e n s ,
'  a r e  n o t  v e ry  s u i t a b l e  f o r  f r a c t u r e  t e s t i n g  o f  n o n - m e ta l l ic  m a te r i a l s .
3 .1 .1  S y m m etrica l P l a t e  Specim ens 
P l a t e  sp e cim en s a r e  t e s t e d  i n  d i r e c t  t e n s io n ,  and h av e  e i t h e r  a 
c e n t r a l  t r a n s v e r s e  c ra c k  o f  i n i t i a l  le n g th  2c e q u a l to  a b o u t 0.3W 
w here  W i s  th e  w id th  o f  th e  p l a t e ,  o r  e q u a l t r a n s v e r s e  edge c ra c k s  
o f  i n i t i a l  le n g th  c e q u a l to  a b o u t  C,15W. T hese  sp e cim en s a r e  j u s t  a
m o d i f i c a t i o n  o f  th e  w ide p l a t e  sp e c im en s  su c h  a s  th e  s im p le  G r i f f i t h  
m o d e l. The m ain  d i f f e r e n c e  i s  t h a t  th e  e l a s t i c  s t r a i n  e n e rg y  f i e l d  
i n  th e  v i c i n i t y  o f  th e  ends o f  th e  c ra c k  i s  a p p re c ia b ly  in f lu e n c e d  
by  th e  p ro x im ity  o f  th e  c ra c k  to  Che f r e e  e d g es  o f  th e  specim en .
The s im p le  e x p re s s io n  f o r  G, v i z  EG=tto2 c, no lo n g e r  h o ld s ,  and some
o th e r  form  o f  e x p r e s s io n  f o r  G i s  n e c e s s a r y ,  su c h  a s  Che ta n g e n t  fo rm
p ro p o se d  by I rw in 21*’ 2 5 , i . e .  EG=o2W can (irc/W ). P a r a m e te rs  w hich 
a f f e c t  th e  a c c u ra c y  o f  th e  G m easu rem en t i n  t h i s  t e s t  a r e  th e  p l a s t i c
zone c o r r e c t io n  te rm  ( f o r  m e ta l s ) ,  th e  w id th  o f  th e  p l a t e ,  th e  le n g th
o f  th e  p l a t e ,  and th e  i n i t i a l  c ra c k  le n g th .  I n  a d d i t i o n ,  th e  
t h ic k n e s s  o f  th e  p l a t e  h a s  a  p ro fo u n d  e f f e c t  on  w h e th e r  p l a n e - s t r e s s  
o r  p l a n e - s t r a i n  c o n d i t io n s  p re d o m in a te ,  and th e r e f o r e  on th e  v a lu e
3 .1 .2  S in g le  E dge-N o tched  Tent.'‘on Specim ens
T h is  ty p e  o f  specim en  can  b e  d e r iv e d  from  e i t h e r  ty p e  o f  s y m m e tr ic a lly  
c ra c k e d  p l a t e  sp e c im en  by b i s e c t i n g  a lo n g  th e  l o n g i t u d i n a l  c e n t r e l i n e .  
T h is  specim en  h a s  th e  a d v a n ta g e  o f  r e q u i r in g  l e s s  m a te r i a l  and 
c o n s id e r a b ly  l e s s  lo a d  to  d e te rm in e  G th a n  th e  s y m m e tr ic a l ly  c ra c k e d  
sp e c im en . I t  i s  n e c e s s a r y  to  im pose  l i m i t a t i o n s 22 ) 23on specim en  
d im e n s io n s  and lo a d in g  a rra n g e m e n t i n  o r d e r  to  p ro d u ce  a  r e l i a b l e  
Gc v a 'u e  i n  t e s t i n g .
3 .1 .3  S u r fa c e -C ra c k e d  P l a t e  Specim ens
T hese  specim ens w ere  o r i g i n a l l y  in tr o d u c e d  in  th e  m e ta l l i c  f i e l d  
i n  o r d e r  to  i n v e s t i g a t e  d i r e c t l y  th e  e f f e c t s  o f  c ra c k s  s i m i l a r  to  
th o s e  from  w hich  f r a c t u r e s  had  o f t e n  o r ig in a t e d  in  s e r v i c e .  The 
sp e c im en  c o n s i s t s  o f  a  p l a t e  lo a d e d  d i r e c t l y  i n  t e n s io n ,  w i th  a s u r f a c e  
o r  p a r t - th r o u g h  c r a c k ,  a p p ro x im a te ly  s e m i - e l l i p t i c a l  i n  shape  w ith  th e  
m a jo r  a x is  a t  th e  s u r f a c e ,  fo rm ed t r a n s v e r s e  to  th e  d i r e c t i o n  o f  t e n s io n .  
L im i ta t io n s  a r e  im posed22 ) 9-3 on th e  c ra c k  d e p th  and th e  p l a t e  w id th .
3 .1 .4  C i r c u m f a te n t ia l ly - N o tc h e d  Round Bars
T e n s io n  t e s t i n g  o f  n o tc h e d  round  b a r s  h a s  an  e x te n s iv e  h i s t o r y ,  and 
i t  was n a tu r a l  t h a t  t h i s  ty p e  o f  specim en  s h o u ld  h av e  be en  one o f  th e  
e a r l i e s t  used  f o r  m e asu re m en ts . How ever, th e  round  n o tc h e d  b a r
r e q u i r e s  a  c o n s id e r a b ly  g r e a t e r  am ount o f  m a te r i a l  and c o n s id e r a b ly  
more lo a d in g  c a p a c i ty  th a n  any o f  t h e  o th e r  types; o f  sp e c im e n s , and 
i n  a d d i t i o n  i s  n o t  s u i t a b l e  f o r  f r a c t u r e  t e s t i n g  o f  b r i t t l e  n o n -
3 .1 .5  C rack -N o tched  Bend Specim ens 
T h ese  sp e cim en s g e n e r a l l y  c o n s i s t  o f  a  r e c t a n g u l a r  s e c t i o n  bend 
specim en  w ith  some fo rm  o f  c r a c k - n o tc h  in tr o d u c e d  i n  t h e  t e n s io n  
la c e  a t  th e  c e n t r e  o f  th e  s p a n .  T h is  was one o f  th e  e a r l i e s t  ty p e s  
o f  specim ens to  be u se d  f o r  f r a c t u r e  to u g h n e ss  t e s t i n g .  E a r l i e r  
in v e s t i g a t o r s  i n  b o th  th e  m e ta l l i c  and n o n - m e t a l l ic  f i e l d s  d id  n o t  
a t  f i r s t  a p p r e c ia te  th e  f a c t  t h a t  a  f a b r i c a t e d  n o tc h  i n  i t s e l f  does 
n o t  r e p r e s e n t  an  a c t u a l  c ra c k  in  t h e  m a t e r i a l .  F o r  t e s t i n g  o f  m e ta l s ,  
i t  i s  cu sto m a ry  to  grow a  s h a rp ,  n a t u r a l  c ra c k  fro m  th e  s t a r t e r  
n o tc h  by f a t i g u e  s t r e s s i n g  b e f o r e  t e s t i n g 11*. I n  th e  t e s t i n g  o f  
n o n - m e ta l l ic  m a t e r i a l s ,  s p e c i f i c a l l y  cem en ted  m a te r i a l s  o f  c o n s t r u c ­
t i o n ,  th e  pbm om enon o f  s lo w  s t a b l e  c ra c k  g row th  p r i o r  to  c a t a s t r o p h ic  
f a i l u r e  o c c u r s ,  and so  th e  c ra c k  becom es n a t u r a l l y  s h a rp  b e f o r e  th e  
p o in t  o f  i n s t a b i l i t y  i s  r e a c h e d . G lu c k lic h 13 h a s  p o in te d  o u t  t h a t  
a  n o tc h  i n  a beam s e r v e s  th e  f o l lo w in g  p u rp o ses
(1 ) I t  e n a b le s  one to  know in  a d vance  t ’.e c r o s s - s e c t i o n  o f  f a i l u r e .
(2) I t  s e rv e s  a s  a  s u f f i c i e n t  s t r e s s  c o n c e n t r a t io n  to  a llo w  a 
n a tu r a l  c ra c k  to  grow from  i t  i n  a  s t a b l e  m anner b e fo r e  .u n s ta b le  
c ra c k  p r o p a g a tio n  o c c u r s .  T h is  a l s o  f a c i l i t a t e s  more r e a d in g s  
and b e t t e r  a c c u ra c y .
(3)  I t  a llo w s  f o r  d e fo r m a tio n s  m easu red  a c r o s s  th e  n o tc h  to  be 
th e  d e fo rm a tio n s  a t  th e  c r i t i c a l  a re a  o f  c ra c k  g ro w th , le a d in g  
to  b e t t e r  a c c u ra c y .
(4 ) The n o tc h  c an  s e rv e  a s  a  c o n v e n ie n t  t r o u g h  f o r  i n k  i f  a  
s t a i n i n g  te c h n iq u e  i s  em ployed .
The n o tc h ed  ben d  specim en  h a s  th e  d i s t i n c t  a d v a n ta g e  o f  r e q u i r in g  
ow er lo a d s  i n  g e n e r a l  to  p ro d u ce  f r a c t u r e  th a n  o th e r  specim ens 
o f  i d e n t i c a l  d im e n s io n s . The t e s t  p ro c e d u re  i t s e l i  le a d s  to  a 
s im p le  b e am -bend ing  s e t - u p  t h a t  can  be u s e d  in  a  v a r i e t y  o f  t e s t  
m a ch in e s . T h is  f a c i l i t a t e s  i n v e s t i g a t i n g  th e  e f f e c t  o f  d i f f e r e n t  
p a ra m e te r s ,  su c h  a s  t e s t  m ach ine  h a rd n e s s  and s t r a i n  r a t e ,  on th e  
f r a c t u r e  p a ra m e te r s .  The p r a c t i c a l  c o n v e n ie n c e  o f  t e s t i n g  a  bend
specim en  a l s o  g r e a t l y  o u tw e ig h s  th e  p ro b lem s o f  t e s t i n g  b r i t t l e  
n o n - m e t a l l ic  m a te r i a l s  in  d i r e c t  t e n s io n .  One d is a d v a n ta g e  o f  th e  
n o tc h e d  bend  specim en  i s  t h a t  th e  a c c u ra c y  o f  G m easu rem en ts  i s  
i n h e r e n t ly  lo w e r  th a n  f o r  any o th e r  ty p e ,  b e c a u se  th e  s e n s i t i v i t y  
o f  th e  c a l c u l a t e d  v a lu e  o f  G to  a  s m a ll e r r o r  i n  c  i s  g r e a t e r  th a n  
f o r  any  o th e r  ty p e .
T h ere  a r e  two p o s s ib l e  w ays o f  lo a d in g  beam b e n d in g  specim ens 
e i t h e r  i n  t h r e e - p o i n t  b e n d in g , o r  i n  f o u r - p o in t  b e n d in g . An 
i l l u s t r a t i o n  o f  th e  two lo a d in g  m ethods and th e  specim en  sh a p e  i s  
g iv e n  in  F ig . 3 . 1 .  T h r e e -p o in t  b e n d in g  c o m p lic a te s  th e  f a i l u r e  
by th e  e x is te n c e  o f  a  s h e a r in g  s t r e s s  i n  th e  beam w hich ch an g es from  
a  p o s i t i v e  to  a  n e g a t iv e  v a lu e  a t  t h e  c e n t r e  lo a d in g  p o in t .
F o u r - p o in t  b e n d in g  p ro d u c e s  a u n ifo rm  b e n d in g  moment i n  th e  c e n t r a l  
sp a n  o f  th e  beam, w ith  no  s h e a r in g  s t r e s s  p r e s e n t  -  a  s t a t e  o f  p u r l  
b e n d in g . The e x tra n e o u s  e f f e c t  o f  s h e a r in g  s t r e s s  i n c r e a s e s  w i th  a 
d e c r e a s in g  sp a n  to  d e p th  r a t i o .  I t  i s  r e a s o n a b le  t o  e x p e c t  t h a t  
som ew hat more a c c u r a te  G m easu rem en ts  c o u ld  b e  made w i th  a  bend  
sp e c im en  in  f o u r - p o in t  lo a d in g  th a n  in  t h r e e - p o in t  lo a d in g .
D i f f e r e n t  n o tc h  d e p th s  up to  50 p e r  c e n t  o f  th e  beam d e p th  w ere  
s e l e c t e d  f o r  s tu d y  in  th e  p r e s e n t  w ork . T hese  n o tc h e s  w ere  r e c t a n ­
g u l a r ,  and th e  n o tc h -d e p th  r a t i o  was found  to  p r o fo u n d ly  in f lu e n c e  
th e  sh ape  o f  th e  l o a d - d e f l e c t i o n  c u rv e s  o b ta in e d  in  th e  t e s t  (se e  
l a t e r  S e c t io n  4 . 2 . 4 ) .
One o th e r  ty p e  o f  n o tc h  sh a p e  was s tu d i e d  -  t h a t  o f  a  'V e e ' n o tc h  
w here  th e  s h a rp  ap ex  o f  th e  n o tc h  was on cue te n s io n  f a c e ,  and th e  
c ra c k  was c o n t in u a l ly  g u id e d  b e tw een  c ra c k - g u id in g  g r o o v e s . Such a 
c h e v ro n -sh a p e d  n o tc h  i s  o f t e n  u se d  in  th e  m e t a l l i c  f i e l d  a s  a s t a r t e r  
n o tc h  from  w hich a  n a t u r a l l y  s h a rp  f a t i g u e  c ra c k  i s  p ro d u ce d , b u t 
i n  t h e  c u r r e n t  w ork i t  was m a in ly  u se d  to  p ro d u ce  a  c o m p le te ly  s t a b l e  
f r a c t u r e  ( s e e  S e c t io n  2 .4 )  a s  a  c o m p ar iso n  w ith  th e  o th e r  r e c t a n g u l a r  
n o tc h e s  u se d .
3 ,2  Form ulae  and P ro c e d u re  f o r  D e te rm in in g  F r a c tu r e  P a ra m e te rs  
I n v e s t i g a t o r s  i n  th e  m e t a l l i c  f i e l d  h av e  d e v o te d  much tim e  and e f f o r t  
i n  a r r i v i n g  a t  a  r e l i a b l e  and s u i t a b l e  m ethod  f o r  m e asu r in g  Che 
p la n e  s t r a i n  f r a c t u r e  to u g h n e ss  o f  a m a te r i a l  K . The r e s u l t s  a re  
w e l l  sum m arised in  an a r t i c l e  by S ra w le y 11' ,  i n  w hich he s a y s  th a t  
Kc (o r  more s t r i c t l y ,  K ^ )  can he r e g a rd e d  a s  a b a s ic  m a te r ia l  
p r o p e r ty ,  th e  low er bound o f  e f f e c t i v e  f r a c t u r e  to u g h n e s s ,  and t h a t
t h e  r e l a t e d  q u a n t i t y  Gc  = K ^ ( l~ v 2 ) /E  i s  th e  a p p r o p r i a t e  p l a s t i c  
w ork  te rm  f o r  g e n e r a l i s a t i o n  o f  th e  G r i f f t h  c o n c e p t .  He a ls o  s t r e s s e d  
th e  r e q u ir e m e n t  o f  a d e q u a te  and c o r r e c t  sp e c im en  d im e n s io n s  to  d e te rm in e  
K . A l l  t e s t i n g  s h o u ld  b e  d e s ig n e d  w i th  a c t u a l  p r a c t i c e  c o n d i t io n s  
i n  m in d , and th e  t e s t  i t s e l f  sh o u ld  be a  m odel o f  e x p e c te d  p r a c t i c e  
c o n d i t i o n s .
F u r th e r m o re , an o p e r a t i o n a l  d e f i n i t i o n  o f  K was s u g g e s te d  a s  f o l l o w s : -  
K i s  t h a t  s t r e s s  i n t e n s i t y  a t  w hich th e  c ra c k  re a c h e s  an  e f f e c t i v e  
l e n g th  two p e r  c e n t  g r e a t e r  th a n  a t  th e  b e g in n in g  o f  th e  t e s t .
T h is  i s  to  accom odate  m a te r ia l  sp e cim en s C ha t do n o t  f r a c t u r e  c o m p le te ly  
when th e  s t r e s s  i n t e n s i t y  r e a c h e s  th e  K l e v e l ,  i n  p a r t i c u l a r  th o se  
m e t a l l i c  sp e cim en s w hich  e x h i b i t  " p o p - in "  o f  th e  c e n t r a l  c ra c k  f r o n t  
b e f o r e  o v e r a l l  advance  o f  th e  c ra c k  o c c u r s ,  due  to  th e  h ig h e r  e f f e c t i v e  
to u g h n e s s  n e a r  th e  p l a t e  s u r f a c e  w here  th e  c o n s t r a i n t  i s  r e la x e d .
A t h r e e - p o in t  bend t e s t  on a  c h e v ro n -n o tc h e d  sp e c im en  i s  u se d  to  
d e te rm in e  K . The t e a t  r e c o rd  m ust m eet c e r t a i n  r e q u ir e m e n ts  b e fo r e  
th e  c a l c u l a t e d  v a lu e  o f  K i s  a c c e p te d .  T h is  v a lu e  o f  K i s  th e n  
g e n e r a l l y  u se d  in  c o m p u ta t io n s  o f  th e  s t r e n g t h  o f  a  s t r u c t u r e 0 .
The s t r e s s  i n t e n s i t y  f a c t o r  K in  a  t e s t  sp e c im en  i s  e q u a l t o  th e  
a p p l ie d  lo a d  m u l t i p l i e d  by some f u n c t i o n  o f  th e  specim en  d im e n s io n s , 
i n c lu d in g  th e  c ra c k  le n g th ,  w h ich  dep en d s on th e  specim en  d e s ig n .
Any p a r t i c u l a r  f r a c t u r e  t e s t  sp e c im en  h a s  a r e l a t i o n s h i p  be tw een  
K ( o r  a l t e r n a t i v e l y  G) and i t s '  r e l e v a n t  d im e n s io n s  and lo a d s .
B e ca u se  o f  th e  d i f f i c u l t y  o f  c o m p le te  th r e e - d im e n s io n a l  s t r e s s  
a n a l y s i s ,  th e  f r a c t u r e  specim ens a r e  u s u a l ly  t r e a t e d  a s  tw o -d im e n s io n a l 
p l a t e  specim ens w ith  th r o u g h - th ic k n e s s  c r a c k s .  The m ost g e n e r a l  
m ethod  o f  r e l a t i n g  K o r  G to  th e  d im e n s io n s  and lo a d  c h a r a c t e r i s t i c s  
o f  a p a r t i c u l a r  specim en  i s  an e x p e r im e n ta l  m ethod d e r iv e d  by I rw in  
and K ie s 26 . T he r e l e v a n t  e q u a t io n  i s
w h ere  L i s  d e f in e d  a s  th e  c o m p lia n ce  o f  th e  specim en  in  th e  p r e s e n c e  
o f  a  n o tc h , F =1. d ( i . e .  th e  r e c i p r o c a l  o f  s t i f f n e s s )
0  N o te :-  The a r t i c l e  by S raw ley  r e p r e s e n t s  a d r a f t  recommended 
p r a c t i c e  f o r  KT t e s t s  w ith  bend sp e c im en s  a d o p te d  by ASTM 
C om m ittee B --24 'con  F r a c tu r e  T e s t in g  o f  M e ta ls  .
The m ethod in v o lv e s  ta k in g  m e asu rem en ts  o f  th e  c o m p lia n c e  o f  a 
sp e c im en  w ith  a n a rro w  n o tc h  o f  v a ry in g  d e p th s ,  e x p re s s in g  th e  specim en  
c o m p lia n c e  a s  a f u n c t i o n  o f  c ra c k  le n g th  and th e n  o b ta in in g  th e  d e r i ­
v a t iv e  o f  t h i s  f u n c t i o n  w i th  r e s p e c t  to  c ra c k  le n g th .  I n  t h i s  m e thod , 
th e  f i n i t e  w id th  n o tc h  i s  u se d  to  s im u la t e  a  c ra c k  d u r in g  th e  i n i t i a l  
l i n e a r - e l a s t i c  b e h a v io u r  o f  th e  specim en  u n d e r  l o a d ,  and i t  i s  
p o s s ib l e  t h a t  th e  c o m p lia n ce  o f  a  n a tu r a l  c ra c k  o f  g iv e n  le n g th  w i l l  
n o t  b e  e x a c t ly  th e  same a s  t h a t  o f  a  f i n i t e  w id th  n o tc h  o f  th e  same 
le n g th .  H ow ever, W elch and H aism an1 5 r e p o r t  t h a t  i n  th e  t e s t i n g  
o f  t h e i r  m o r ta r  and c o n c r e te  beam s, th e r e  was no s i g n i f i c a n t  d i f f e r e n c e  
b e tw een  th e  c o m p lia n ce  o f  beams w ith  w id e  sawn n o tc h e s  and th o s e  w ith  
n o tc h e s  c a s t  w ith  r u b b e r  fo rm e rs  o r  s p e c i a l  r a z o r  b la d e  i n s e r t s .
They th e r e f o r e  c o n c lu d e  t h a t  th e  i n i t i a l  c o m p lia n ce  o f  th e  l i n e a r -  
e l a s t i c  p o r t i o n  o f  a  l o a d - d e f l e c t i o n  c u rv e  f o r  cem ented  c o n s t r u c t io n  
m a te r i a l s  i s  in d e p e n d e n t o f  n o tc h  s h a rp n e s s ,  and a  g e n e r a l  r e l a t i o n ­
s h ip  e x i s t s  b e tw ee n  c o m p lia n ce  and c ra c k  le n g th ,  i n  th e  a b se n c e  o f  
s lo w  c ra c k  g ro w th . (See  l a t e r  S e c t io n  3 .2 .4 )
Brown and S ra w ley 23 a l s o  s u g g e s t  t h a t  i t  i s  a n  a d v a n ta g e  to  u se  a s  
l a r g e  a specim en  a s  p o s s ib l e  f o r  c o m p lia n c e  m e asu re m en ts , f i r s t l y  
b e c a u s e  any  d i f f e r e n c e  b e tw een  th e  c o m p lia n ce  o f  a  n a t u r a l  and a r t i f i ­
c i a l  n o tc h  w i l l  b e  m in im ise d , and s e c o n d ly  b e c a u se  th e  d is p la c e m e n ts  
w i l l  b e  p r o p o r t i o n a t e ly  l a r g e  a n d , t h e r e f o r e ,  good a c c u ra c y  o f  
m easu rem en t w i l l  r e s u l t .  A c c u ra te  c o m p lia n ce  c a l i b r a t i o n s  r e q u i r e  
s e n s i t i v e ,  a c c u ra te  gauges and  c a r e f u l  a t t e n t i o n  to  d e t a i l ,  and t h i s  
i s  d is c u s s e d  f u r t h e r  i n  th e  n e x t  s e c t i o n  ( 3 .3 .2 ) .  As p o in te d  o u t  
by Brown and S ra w ley 23 , th e  m ain  a d v a n ta g e  o f  th e  c o m p lia n ce  c a l i ­
b r a t i o n  m ethod i s  t h a t  th e  a c t u a l  c o n f ig u r a t io n  and lo a d  d i s t r i b u t i o n  
o f  a  f r a c t u r e  t e s t  specim en  c an  b e  c l o s e l y  m o d e lle d  by th e  co m p lia n ce  
c a l i b r a t i o n  sp e c im e n s . F u r th e r m o re , s in c e  th e  f r a c t u r e  to u g h n e ss  
r e l a t i o n s h i p  i s  b a sed  on m a th e m a tic a l s c r e s s - a n a l y s i s  m o d e ls , th e  
d e s ig n  o f  th e  specim en  s h o u ld  be c o m p a tib le  w i th  th e  m a th e m a tic a l 
m odel on w hich  th e  f r a c t u r e  to u g h n e ss  r e l a t i o n s h i p  i s  b a se d .
In  th e  f o l lo w in g  s u b - s e c t io n s ,  fo rm u la e  f o r  th e  f r a c t u r e  p a ra m e te r s  
a r e  p r e s e n te d .  The r e l a t i o n s h i p s  a p p ly  to  th e  c e n t r e - n o tc h e d  bend 
sp e cim en s u se d  in  th e  t e s t s  d e s c r ib e d  l a t e r .  , The K - r e l a t i o n s h ip  
i s  d e r iv e d  from  a c o m p lia n ce  c a l i b r a t i o n  m ethod a s  d e s c r ib e d  a b o v e , 
and a s  r e p o r te d  by Brown and S ra w ley 2 3 . The G - r e l a t i o n s h ip  u s e s  an
a n a l y t i c a l  s c r e s s - a n a l y s i s  p ro c e d u re  o f  th e  n o tc h e d  beam s t o  a r r i v e  
a t  th e  r e l e v a n t  fo rm u la .
. 3 . 2 . 1  F o rm ula  f o r  K
K h a s  p r e v io u s ly  be en  d e f in e d  a s  th e  f r a c t u r e  to u g h n e ss  p a ra m e te r ,  
o r  th e  s t r e s s - i n t e n s i t y  f a c t o r  a t  f a i l u r e .  Brown and S ra w ley 23 
h av e  r e p o r te d  a r e l a t i o n s h i p  b e tw een  K, th e  o p e n in g  mode s t r e s s  
i n t e n s i t y  f a c t o r ,  and th e  sp e c im en  d im e n s io n s  and lo a d in g  f o r  a  
c e n t r e - n o tc h e d  beam sp e c im en  in  p u re  b e n d in g  ( f o u r - p o in t  b e n d in g )  
and  i n  th r e e - p o in t  b e n d in g , a s  f o l l o w s : -  ( s e e  F i g .  3 .1 )
K = Y (3 .2 )
w here  Y » A. +A.i(c/d)+A.2 ( c /d )  +A3 ( c /d )  +(.1, ( c /d )
’ • ' .4 i s  th e  b e n d in g  moment i n  t h r e e - p o in t  o r  f o u r - p o in t  b e n d in g .
4 ’ i s  a  f u n c t i o n  o f  a  f o u r t h - d e g r e e  p o ly n o m ia l i n  th e  n o tc h -
-o c /d .  K i s  a c c u r a t e  to  w i th in  0 ,2  p e r  c e n t  f o r  a l l  v a lu e s  
c /d  up to  0 , 6 .  The c o e f f i c i e n t s  A h av e  th e  f o l lo w in g  v a lu e s ,  
d e p en d e n t on th e  ty p e  o f  b e n d in g  i n  th e  specim en
T ab le  3 .1  V a lu es  o f  th e  C o e f f i c i e n t s  A f o r  c a l c u l a t i n g  K 
(fro m  h e f . 23)
A0 A1 a 2 a 3 A4
+ 1 ,9 9  -  2 ,4 7  + 1 2 ,9 7  -  2 3 ,1 7  + 24 ,80
♦ 1 ,9 6  -  2 ,7 5  + 1 3 ,6 6  -  2 3 ,9 8  + 25 ,22
+ 1 ,9 3  -  3 ,0 7  + 1 4 ,5 3  -  2 5 ,1 1  + 2 5 ,8 0
S = m a jo r  sp a n
A ls o , f o u r - p o in t  b e n d in g  i s  c o n s id e r e d  to  b e  e q u iv a le n t  to  p u re  
b e n d in g  i f  th e  r a t i o  o f  th e  m in o r  sp a n  to  sp e c im en  d e p th  i s  n o t  l e s s  
th a n  two (N o te : -  F o r  th e  beams u se d  in  t h i s  s tu d y ,  
m ino r sp a n  = £  == 2 , t h e r e f o r e  s a t i s f a c t o r y )
d e p th  4
P u re  B ending  ............
T h r e e - P o i n t : " / ^ * '"
F i n a l l y ,  i f  che r a t i o  o f  th e  m a jo r ,  s u p p o r t  sp a n  t o  specim en  
d e p th .  S /d ,  i s  l e s s  th a n  a b o u t f o u r ,  i n  e i t h e r  t h r e e - p o i n t  o r  
f o u r - p o in t  b e n d in g , th e n  s u b s t a n t i a l  e r r o r s  in  m easu rem en t c an  be 
in tr o d u c e d  due  to  specim en  i n d e n ta t i o n  and  f r i c t i o n  a t  th e  s u p p o r ts . 
( N o te ;-  F o r  t h i s  c a s e ,  £  ”  = 6>4 , th e r e f o r e  s a t i s f a c t o r y ) .
3 .2 .2  F o rm ula  f o r  G
X part from  th e  s im p le  r e l a t i o n s h i p  b e tw een  G and K ,, d e r iv e d  from  
l i n e a r - e l a s t i c  f r a c t u r e  m e ch a n ics  ( s e e  e q u a t io n  ( 1 .9 ) ,  a n o th e r  
r e l a t i o n s h i p  f o r  G in  a n o tc h e d  beam specim en  can  b e  p ro d u ce d  by a 
s t r e s s  a n a ly s i s  p r o c e d u re ;  T h is  r e s u l t s  i n  a m a th e m a tic a l r e l a t i o n ­
s h ip  f o r  G i n  te rm s o f  th e  sp e c im en  d im e n s io n s , d e p th  o f  c ra c k ,  a p p l ie d  
lo a d  and m odulus o f  e l a s t i c i t y .  G i s  th e n  th e  v a lu e  o f  G in  th e  
t e s t  a t  t h a t  s t r e s s  l e v e l  w hich  c a u s e s  r a p id  c ra c k  p r o p a g a tio n .
The s t r a i n  e n e rg y  r e l e a s e  r a t e  due to  a  s u r f a c e  c ra c k  p r o p a g a tin g  
in w a rd s  i s ,  f o r  p la n e  s t r a i n  c o n d i t io n s
F o r  s h a llo w  n o tc h e s  ( c « d ) ,  o  may b e  r e g a rd e d  a s  th e  maximum t e n s i l e  
b e n d in g  s t r e s s  a t  th e  e x tre m e  f i b r e  o f  th e  beam.
T h u s , f o r  a r e c t a n g u l a r  beam o f  w id th  b : -
(3 .3 )
( 3 .4 )  (M # A p p lie d  moment)
The no m in a l s t r e s s  a t  th e  r o o t  o f  th e  n o tc h  i s ; -
(3 .5 )
w here  h » d - c  
T h e r e fo r e < 5 1 (3 .6 )
S u b s t i t u t i n g  in  ( 3 .3 )  g iv e s :-
(3 .7 )
Now, h  = d - c ,  and  so  we c an  e x p re s s  t h i s  a s  f o l l o w s : -
c h 1* = c  {d; 
d 4 a*
i ) 4 = c ( 'd-c’j* = c Zd-
: \dj \
- - i  ^ - i ) '
r r i t t e n  a s : -T h e r e fo r e ,  G may b e  w
,  ( l - V )  o ?  h
» b e re  I ^ j  -  j  -  -gj
T h is  fo rm u la  o n ly  a p p l i e s  to  s h a llo w  n o tc h e s  o f  c /d < 0 ,1 5
F o r  d e e p ly  n o tc h e d  beam s, th e  e f f e c t s  o f  th e  r e d u c e d  c r o s s - s e c t i o n
and th e  n o n - u n if o rm i ty  o f  s t r e s s e s  m ust b e  ta k e n  i n t o  a c c o u n t .
The m ost u s e f u l  s o l u t i o n  f o r  t h i s  i s  th e  f ^ j  c u rv e  p ro p o se d  by 
Winne and W undt*?, w h i/ .c U n c o r p o ra te s  w ork by b o th  N euber and 
B u e ck n e r . T h is  c u r v e W  shown i n  F i g ,  3 , 2 .  I t  i s  s e e n  t h a t  f o r  
de ep  n o tc h in g ,  i . e .  ^ > 0 ,5 ,  f w j t e n d s  to  a  v a lu e  o f  0 ,5 2 1 .
3 .2 .3  F o rm u la  f o r  y  
The fo rm u la  u se d  to  c a l c u l a t e  t h e  e f f e c t i v e  f r a c t u r e  s u r f a c e  e n e rg y  
o f  a  m a te r i a l  i s  t h a t  p r e s e n te d  p r e v io u s ly  i n  e q u a t io n  ( 1 . 10) ,  v i z .
T -  i h l
*<
w here  ^ e q u a ls  th e  a re a  u n d e r  th e  l o a d - d e f l e c t i o n  c u rv e ,  and Af  
i s  th e  a r e a  o f  new f r a c t u r e  s u r f a c e s  ( c o n v e n t io n a l ly  to k e n  a s  tw ic e , 
th e  c r o s s - s e c t i o n a l  a r e a ) .  (R e fe r  to  S e c t io n  1 .4 .3  (4) f o r  a f u l l  
d i s c u s s io n  o f  t h i s . )  I n  a d d i t i o n ,  y  i s  r e l a t e d  t o  G by means o f  
l i n e a r - e l a s t i c  f r a c t u r e  m e ch a n ics  t h e o r y ,  v i z .  G =2y. I t  i s  
im p o r ta n t  to  p o in t  o u t  a t  t h i s  s t a g e  t h a t  an e v a lu a t io n  o f  y  f o r  
any p a r t i c u l a r  t e s t  specim en  i s  c r i t i c a l l y  d e p en d e n t on th e  assumed 
a re a  u n d e r  th e  l o a d - d e f l e c t i o n  c u rv e  and h e n ce  on th e  m e asu re d  shape
a)  F o u r  - P o i n t  Bending- ( P u r e  B e n d i n g )
fr V/idfch 'b  in  both coses
L " r ! { ]
t------------------- s ----------------4
t i l T h r e e  " P o i n t  B e n d i n g
F is ,3.1 ED g e  S I o t c h e d  B e m p  S p e c i m e n s
’N o t c h  D e p t h  R a t i  o c/4
r i G . 3 . 2  C J P V E  f o r  C a l c u l a t i n g  G  f o r .
N o t c h e d  B e n d  S p e c i m e n s  ( From Re t z ? )
o f  t h i s  c u rv e . T h is  i s  v e ry  much an in s t r u m e n ta t io n  p ro b le m , s in c e  
f o r  th o s e  beams w h ich  f r a c t u r e  c a t a s t r o p h i c a l l y  when G i s  r e a c h e d , 
th e  t r a n s i e n t  e f f e c t  o f  r a p id  c ra c k  grow th  and d ro p  in  lo a d  a f t e r  
f a i l u r e  i s  d i f f i c u l t  to  m e a su re . M ost i n v e s t i g a t o r s  h av e  assum ed 
th e  lo a d  to  d ro p  in s t a n ta n e o u s l y  to  z e ro  a t  f a i l u r e ,  b u t  by c r e a t i n g  
s t a b l e  and s e m i- s ta b le  f r a c t u r e s ,  i t  w i l l  b e  shown l a t e r  t h a t  a  d e f i n i t e  
t a i l  p o r t i o n  to  th e  c u rv e  e x i s t s  even  when a n o m in a lly  b r i t t l e  m a te r i a l  
i s  t e s t e d .  U n le ss  th e  a r e a  u n d e r  t h i s  t a i l  p o r t i o n  i s  in c lu d e d  
in  th e  te rm  Ap 5 , y  may be s u b s t a n t i a l l y  u n d e re s t im a te d .  The sh a p e s  
o f  th e  l o a d - d e f l e c t i o n  c u rv e s  f o r  th e  beam s s tu d i e d  in  th e  p r e s e n t  
w ork a re  d is c u s s e d  more f u l l y  i n  a  l a t e r  s e c t i o n  ( S e c t io n  4 .2 .4  )
3 .2 .4  A ssum ptions and  P ro c ed u re  
The s e t  o f  a s su m p tio n s  u se d  in  o r d e r  to  e v a lu a t e  th e  f r a c t u r e  p a ra m e te r s  
f o r  a t e s t  specim en  a r e  r e - i t e r a t e d  h e r e .  S e c t io n  1 .4 .3  ( l ) ( d )  
c o n ta in s  p re v io u s  m e n tio n  o f  th e  v a r io u s  a s su m p tio n s  u se d  by  d i f f e r e n t  
i n v e s t i g a t o r s ,  b u t  th e  c ir c u m s ta n c e s  p r e v a i l i n g  in  Che p r e s e n t  t e s t s  
made i t  n e c e s s a r y  to  s l i g h t l y  m od ify  a  s e t  o f  a s su m p tio n s  su g g e s te d  
by W elch and H aism an15 . T hese  a s su m p tio n s  h av e  to  do w i th  o b ta in in g  
th e  q u a n t i t i e s  c , ,  th e  c r i t i c a l  c ra c k  d e p th  a t  f a i l u r e ;  an , th e  
no m in a l s t r e s s  a t  th e  r o o t  o f  th e  n o tc h  a t  f a i l u r e ;  and E„ th e  
e l a s t i c  m odulus o f  th e  m a t e r i a l .  T hese  q u a n t i t i e s  a r e  th e n  sub ­
s t i t u t e d  i n to  th e  e x p re s s io n s  f o r  K o r  G , to  a r r i v e  a t  th e  f r a b t u r e  
p a ra m e te r s .
The s e t  o f  a s su m p tio n s  a d o p te d  h e re  a r e : -
(1 ) The c r i t i c a l  c ra c k  d e p th ,  c  ,  a s  com puted from  th e  specim en  
c o m pliance  a t  f a i l u r e  by means o f  a  c o m p lia n c e -c ra c k  d e p th  
r e l a t i o n s h i p  f o r  th e  sp e cim en , i s  u se d  in  o r d e r  to  a c c o u n t f o r  
th e  e f f e c t s  o f  s lo w  c ra c k  grow th  from  th e  n o tc h  p r i o r  to  f a i l u r e .
(2 ) The n o m in a l s t r e s s  a t  th e  r o o t  o f  th e  n o tc h ,  cr^, i s  com puted 
from  c , on  th e  b a s i s  o f  a  l i n e a r  s t r e s s  d i s t r i b u t i o n  in  th e  
beam o v e r  th e  r e d u c e d  beam d e p th  h a t  th e  n o tc h  c r o s s - s e c t i o n .
(3 ) The e l a s t i c  m odulus o f  th e  beam , E , ’"s d e te rm in e d  a s  th e  
a v e ra g e  f l e x u r a l  m odulus from  th e  l i n e a r  p o r t io n s  o f  th e  lo a d -  
d e f l e c t i o n  c u rv e s  o f  unn o tc h ed  sp e c im e n s . T h is  m odulus i s  
ad o p ted  to  a c c o u n t f o r  th e  e f f e c t s  o f  c re e p  and r a t e  o f  s t r a i n .
The c r i t i c a l  c ra c k  d e p th ,  c , i s  com puted  a s  m en tio n ed  p r e v io u s ly  
from  a s u i t a b l e  c o m p lia n c e -c ra c k  d e p th  (L -c )  r e l a t i o n s h i p .  The 
c o m p lia n ce  o f  a  beam f o r  th e  p r e s e n t  t e s t s  i s  d e f in e d  a s  th e  
i n v e r s e  o f  th e  s lo p e  o f  th e  i n i t i a l  l i n e a r  p o r t i o n  o f  th e  lo a d -  
d e f  e c t i o n  c u rv e , w here th e  lo a d  i a  e x p re s s e d  a s  th e  lo a d  p a r  u n i t  
w id th  o f  th e  beam, i . e .
Such a  r e l a t i o n s h i p  c an  be o b ta in e d  in  two w ays ; e i t h e r  by e x p e r im e n t,  
o r  by t h e o r e t i c a l  d e r i v a t i o n .  The e x p e r im e n ta l  m ethod in v o lv e s  
m e a su r in g  th e  c o m p lia n ce  L , f o r  th e  p a r t i c u l a r  m a t e r i a l ,  on beam 
sp e c im en s  t e s t e d  w i th  p r o g r e s s iv e ly  d e e p e r  n o tc h e s -  I n  t h i s  way, 
th e  n o tc h  i s  u se d  to  s im u la t e  a n a tu r a l  c ra c k ,  and a s  lo n g  a s  no 
s lo w  c ra c k  g ro w th  o c c u rs  ( i . e .  th e  i n i t i a l  l i n e a r  p o r t io n  o f  th e  
l o a d - d e f l e c t i o n  c u rv e  i s  u se d  to  m easu re  L ) ,  t h i s  i s  q u i t e  a c c e p ta b le .  
I n  th e  t h e o r e t i c a l  m e th o d , th e  c o m p lia n c e -n o tc h  d e p th  r e l a t i o n s h i p  
i s  d e r iv e d  from  sim p le  l i n e a r - e l a s t i c  f r a c t u r e  m e ch a n ics  p r i n c i p l e s .
The e q u a t io n s  fo rm in g  th e  b a s i s  o f  th e  d e r i v a t i o n  a r e  Brown and 
S r a w le y 's  fo rm u la  f o r  K ( e q u a tio n  ( 3 .2 ) ) ,  I r w i n 's  e q u a t io n  f o r  
i n  te rm s o f  th e  r a t e  o f  change  o f  c o m p lia n ce  w ith  c ra c k  d e p th  
( e q u a t io n  ( 3 . 1 ) ) ,  and th e  s im p le  r e l a t i o n s h i p  b e tw ee n  and Kc f o r  
che p l a n e - s t r a i n  c a s e  ( e q u a t io n  ( 1 .9 ) ) .  U sing  th e s e  e q u a t io n s ,  a 
r e l a t i o n s h i p  be tw een  co m p lia n ce  and c ra c k  d e p th  can  be  d e r iv e d .
The more g e n e r a l  and a c c e p ta b le  fo rm  o f  d e r i v a t i o n ,  how ever, i s  a  
r e l a t i o n s h i p  b e tw een  L /L  and c / d ,  w here  L i s  th e  c o m p lia n ce  o f  
u nn o tc h ed  specim ens ( z e ro  n o tc h  d e p th ) .  T h is  fo rm  e l im in a te s  th e  
need  to  e v a lu a te  E , and makes th e  r e l a t i o n s h i p  a  g e n e r a l  one  f o r  
any m a t e r i a l ,  d e p en d e n t o n ly  on th e  v a lu e  o f  P o i s s o n 's  r a t i o ,  v , 
f o r  th e  m a t e r i a l ! P i g .  3 .3  shows th e  t h e o r e t i c a l  p l o t  o f  L /L o v e rs u s  
c /d ,  f o r  Che th r e e  v a lu e s  o f  v o f  0 , 1 ;  0 ,1 5 ;  0 , 2 .  The d e t a i l e d  
d e r i v a t i o n  o f  th e  r e l a t i o n s h i p  i a  g iv e n  i n  A ppendix  A.
The p re c e d u re  to  d e te rm in e  th e  c ra c k  le n g th  a t  th e  c r i t i c a l  
p o in t  o f  i n s t a b i l i t y  i s  to  m e asu re  th e  c o m p lia n ce  ( s e c a n t  v a lu e )  
a t  th e  o n s e t  o f  u n s t a b l e  c ra c k  p r o p a g a t io n ,  d i r e c t l y  from  th e  lo a d -  
d e f l e c t i o n  c u rv e , and th e n  to  e s t im a te  th e  c o rre s p o n d in g  c r i t i c a l  
c ra c k  d e p th  from  th e  c o m p lia n c e -n o tc h  d e p th  c u rv e . T h is  c ra c k  
d e p th  v a lu e  i s  th e n  u se d  in  th e  e v a lu a t io n  o f  Che f r a c t u r e  p a ra m e te r s
p o r t i o n (3 .1 0 )
N o tch  D e p th  B a t io  c /<j
F  i g , 3 . 3  C o M  P L i  A N C E  -  N o t c h  D e t p t h  C u r v e :
( f Th e o r e - t i c a l )
Gc  and K^, u s ,in g  th e  ad o p ted  s e t  o f  a s s u m p tio n s . I t  i s  im p o r ta n t  
t o  n o te ,  th o u g h , t h a t  th e  c a lc ,  l . a t io n  o f  G o r  K in v o lv e s  an 
a s su m p tio n  a b o u t th e  in s t a n ta n e o u s  v a lu e  o f  th e  c ra c k  d e p th  c ^ ,  and 
t h a t  u n c e r t a i n ty  a b o u t  th e  v a lu e  o f  c a t  i n s t a b i l i t y  i s  p o s s ib ly  
th e  l a r g e s t  s i n g l e  s o u r c e  o f  e r r o r  in  f r a c t u r e  mefou r e m e n ts .
A d e t a i l e d  s e t  o f  c a l c u l a t i o n s  o f  G^ and  K, i l l u s t r a t i n g  t h i s  p ro c e d u re  
i s  g iv e n  in  A ppendix  B.
3 .3  I n s t r u m e n ta t i o n
The b a s ic  o u tp u t  r e q u ir e m e n t  from  a f r a c t u r e  t e s t  i s  an a c c u ra te  
r e  lo rd  o f  lo a d  v e r s u s  d e f l e c t i o n ,  w hich  c an  l a t e r  b e  i n t e r p r e t e d  in  
te rm s o f  lo a d  a t  f a i l u r e  and c ra c k  le n g th  a t  f a i l u r e .  The lo a d -  
d e f l e c t i o n  u rv e  s h o u ld  a l s o  b e  a t r u e  r e p r e s e n t a t i o n  o f  th e  a c tu a l  
l o a d - d e f l e c t i o n  c h a r a c t e r i s t i c s  o f  th e  specim en  a f t e r  f a i l u r e .
T h is  c a l l s  f o r  a  s e n s i t i v e  and a c c u r a te  a u to g ra p h ic  r e c o r d e r ,  a b le  
to  re sp o n d  to  th e  t r a n s i e n t  e f f e c t s  f o l lo w in g  f a i l u r e .  Once a g a in , 
f a i r l y  s o p h i s t i c a t e d  m e thods o f  m e a su r in g  d e f l e c t i o n s  h a v e  be en  
d e v e lo p e d  f o r  th e  t e s t i n g  o f  m e t a l l i c  m a t e r i a l s ,  b u t  many o f  th e s e  
m e thods a r e  n o t  a p p l i c a b l e  to  n o n - m e ta l l ic  m a te r i a l s  ( e g .  E l e c t r i c a l  
P o t e n t i a l  M e a su re m e n ts ) . O nly th o se  m e thods s u i t a b l e  f o r  f r a c t u r e  
t e s t s  on b r i t t l e  n o n -m e ta ls  a r e  m e n tio n e d  be lo w . D e t a i l s  o f  che 
v a r io u s  e l e c t r i c a l  t r a n s d u c e r s  u se d  in  th e  t e s t  p rog ram  a r e  c o n ta in e d  
i n  A ppendix  D.
3 .3 .1  M easurem ent o f  Load
The e a s i e s t  and m ost s u i t a b l e  m ethod  o f  m e a su r in g  lo a d  i s  by means 
o f  an  e l e c t r o n i c  l o a d - c e l l .  The c e l l  i s  in c lu d e d  b e tw een  th e  t e s t  
m ach ine  p l a t e n  and  th e  lo a d in g  r i g  on th e  sp e c im en , and u n d e r  lo a d  
p ro d u c e s  an  e l e c t r i c a l  o u tp u t  i n  th e  form  o f  a  v o l ta g e  p r o p o r t io n a l  
to  th e  lo a d .  The v o l t a g e  o u tp u t  i s  th e n  fe d  i n to  a S u i ta b l e  
a u to g ra p h ic  r e c o r d e r .
3 .3 .2  M easurem ent o f  D e f le c t i o n
T h ree  m ethods a r e  w o rth  m e n tio n in g  p r i o r  to  th e  more d e t a i l e d  d i s c u s s io n  
o f  th e  m ethod o f  d e f l e c t i o n  m easu rem en ts  u se d  f o r  th e  p r e s e n t  t e a t s .
The f i r s t  i s  th e  u se  o f  a s t a i n i n g  f l u i d  in tr o d u c e d  . i n to  th e  n o tc h  
o r  c ra c k  b e fo r e  s t a r t i n g  th e  t e s t .  W hile n o t  v e ry  s u i t a b l e  f o r  u se
in  m e ta l s ,  t h i s  m ethod h a s  b e e n  t r i e d  and p ro v en  f o r  n o n - m e ta ls .  
G lu c k l ic h 13 u se d  i t  to  m easu re  s lo w  c ra c k  grow th  from  a n o tc h  p r i o r  
to  f a i l u r e ,  and th e  same te c h n iq u e  was em ployed a s  a p a r t  o f  th e  
c u r r e n t  l a b o r a to r y  t e s t  p rog ram  ( s e e  l a t e r  S e c t io n  4 . 2 . 2 ) .  P ro v id in g  
c a r e  i s  ta k e n  in  th e  s e l e c t i o n  o f  a  s u i t a b l e  i n k ,  and i n  th e  tim e  
a llo w e d  f o r  p e n e t r a t i o n ,  th e  m ethod  i s  q u i t e  a c c e p ta b l e .  The second  
m ethod i s  th e  u s e  o f  c in e m a to g ra p h y , w hereby  a  fram e  by fram e  re c o rd  
o f  th e  p la n e  s u r f a c e  o f  th e  n o tc h e d  sp e c im en , from  a  c in e  c am e ra , i s  
s y n c h ro n is e d  t o ,  s a y , th e  lo a d  r e c o rd  f o r  th e  t e s t .  Care n e e d s  t o  be 
g iv e n  to  th e  r e s o l u t i o n  o f  th e  c r a c k ,  and l i g h t i n g .  A f t e r  th e  t e s t ,  
th e  f i lm  i s  exam ined fram e  by fram e and th e  c ra c k  le n g th  d i r e c t l y  
m e asu re d . T h is  p h o to g ra p h ic  m ethod h a s  be en  w id e ly  em ployed by th e  
a i r c r a f t  in d u s t r y  i n  t a s t s o n  v e ry  w ide  t h in - s h e e t  sp e cim en s c o n ta in in g  
lo n g  th r o u g h - th ic k n e s s  s l o t s ,  b u t  t o  d a t e ,  no r e f e r e n c e s  to  th e  u se  
o f  t h i s  m ethod i n  te s t s o n  n o n -m e ta ls  o r  c o n s t r u c t io n  m a te r i a l s  have  
b e e n  e n c o u n te re d . The t h i r d  m ethod m e asu re s  th e  r e l a t i v e  d i s p l a c e ­
m ent o f  two p o in t s  lo c a t e d  s y m m e tr ic a l ly  on  o p p o s i t e  s id e s  o f  th e  
c ra c k  p la n e .  A gauge w hich  com bines h ig h  s e n s i t i v i t y  w i th  l i n e a r i t y  
o f  o u tp u t  i s  a  s im p le  d o u b le  c a n t i l e v e r  beam gauge w hich  i s  m ounted on 
e i t h e r  s id e  o f  th e  n o tc h ,  and h a s  e l e c t r i c a l  r e s i s t a n c e  s t r a i n  g a g es 
bonded o n to  th e  c a n t i l e v e r  arm s and c o n n e c te d  in  a b r id g e  c i r c u i t .  
D e t a i l s  o f  th e  gauge  a r e  g iv e n  in  R e f .  14,
F o r th e  p r e s e n t  t e s t s ,  th e  v e r t i c a l  d is p la c e m e n t  o f  th e  beam a t  
th e  lo a d in g  p o in ts  was m easu red  by m eans o f  two l i n e a r  v a r i a b l e  
d i f f e r e n t i a l  t r a n s fo r m e rs  (LVDT), m ounted  in  a s u i t a b l e  fram e  i n  o r d e r  
t u  e l im in a te  unw anted  e x tra n e o u s  d e f l e c t i o n s .  D e t a i l s  o f  th e  
t e s t i n g  a p p a r a tu s  a r e  g iv e n  in  A ppendix  D. T hese  LVDT gauges
com bine a h ig h ly  l i n e a r  r e s p o n s e  to  d is p la c e m e n t  w ith  h ig h  s e n s i t i v i t y  
and a d e q u a te  r a n g e ,  and h ence  a r e  v e ry  s u i t a b l e  f o r  d is p la c e m e n t  
m easu rem en ts on th e  ty p e  o f  m a te r i a l s  exam ined  f o r  t h i s  d i s s e r t a t i o n .  
O u tp u ts  from  th e  two gauges w ere  e l e c t r i c a l l y  summed and th e n  f e d  i n to  
th e  a u to g ra p h ic  r e c o r d e r  b e in g  u s e d . I t  was a b s o lu t e ly  e s s e n t i a l  to  
e n s u re  t h a t  o n ly  v a l id  d e f l e c t i o n s  o f  th e  beams u n d e r  th e  lo a d in g  
p o in t s  w ere  m e asu re d . U nwanted d e f l e c t i o n s  such  a s  l o c a l  p l a s t i c  
c ru s h in g  u n d e r  th e  lo a d  p l a t e n s  o r  o v e r  th e  s u p p o r t  p o in ts  w ere  
e l im in a te d  by th e  u se  o f  s u i t a b l e  m oun ting  r i g s .  A s e r i e s  o f  c a s t s  
u s in g  lo a d  p l a t e n s  o f  1 2 ,5  mm b r i g h t  s t e e l  ro d  on 100 mm m o r ta r  cu b es 
c u t  from  beams and t e s t e d  i n  d ira c C  c o m p re ss io n  w ere d o n e , i n  o r d e r  to  
q u a n t i t a t i v e l y  e v a lu a te  th e  e f f e c t  o f  l o c a l  c ru s h in g  u n d e r  th e  lo a d
I p o i n t s .  V i r -  : i l -y  a l l  th e  d e f l e c t i o n  o f  th e  lo a d  p l a t e n s  m easu red
| i n  th e s e  t e s t s  r e s u l t e d  from  p l a s t i c  c r u s h in g ,  s in c e  t h e  lo a d  on th e
! p l a t e n s  w as l e s s  th a n  two p e r  c e n t  o f  th e  c ru s h in g  s t r e n g th  o f  th e
i c u b e s . A t th e  l e v e l s  o f  lo a d  e x p e r ie n c e d  i n  a c tu a l  t e s t i n g ,  i t
was found  t h a t  c ru s h in g  c o u ld  a c c o u n t  f o r  up to  40 p e r  c e n t  o f  th e  
i t o t a l  m easu red  d e f l e c t i o n  o f  th e  beam , i f  th e  d e f l e c t i o n  w as m o n ito re d
| th ro u g h  th e  lo a d  p l a t e n s .  The o r i g i n a l  s e r i e s  o f  beam t e s t s  had th e
i d is p la c e m e n t  m easu red  th ro u g h  th e  lo a d  p l a t e n s , b e f o r e  i c  was
| a p p r e c ia te d  t h a t  l o c a l  c ru s h in g  c o u ld  h a v e  su c h  a  s i g n i f i c a n t  e f f e c t .
|  The su b se q u e n t s e r i e s  o f  t e s t s  e l im in a te d  l o c a l  c ru s h in g  d e f l e c t i o n s .
|  Some r e p r e s e n ta t i v e  c u rv e s  o f  th e  e f f e c t  o f  l o c a l  c ru s h in g  u n d e r  th e
|  lo a d  p l a t e n s  a r e  shown i n  F ig .  3 . 4 ( a ) . From th e s e  c u r v e s ,  i t  i a
|  e v id e n t  t h a t  v e ry  l i t t l e  e l a s t i c  r e c o v e r y  o c c u r s ,  show ing  t h a t  t h e
|  m a jo r  com ponent o f  d e f l e c t i o n  i n  th e s e  t e s t s  was p l a s t i c  c ru s h in g ,
! and t h a t  n e g le c t in g  to  e l im in a t e  th e  unw anted  d e f l e c t i o n s  c an  le a d  to  any o r  a l l  o f  th e  f o l lo w in g  e f f e c t s : -(1 ) A g r e a t  v a r i a b i l i t y  i n  r e s u l t s ,  d e p en d in g  on th e  a re a  o f  
j  c o n ta c t  o f  che p l a t e n  and th e  s u r f a c e ,  and th e  d e n s i ty  o f  th e
|  • s u r f a c e .
ij (2 ) A l o c a l  c re e p  e f f e c t  d e p e n d e n t on th e  tim e  o f  lo a d in g .
|  (3 ) The i n e v i t a b i l i t y  o f  th e  l i n e a r  p o r t i o n  o f  Che lo a d -
I d e f l e c t i o n  c u rv e  fro m  a  beam t e s t  c o n ta in i n g  a  h id d e n  l i n e a r
I . com ponent o f  l o c a l  c r u s h in g .  T hus, th e  a p p a r e n t  l o a d - d e f l e c t i o n
I c u rv e  c an  d i f f e r  s u b s t a n t i a l l y  from  Che t r u e  o n e , a s  shown
j s c h e m a t ic a l ly  i n  F i g .  3 . 4 ( b ) .
I H ence, a c c u r a te  g a u g e so f  a d e q u a te  r a n g e ,  and c a r e f u l  a t t e n t i o n
\  to  th e  d e t a i l s  o f  m easu rem en t, a r e  e s s e n t i a l  to  r e c o rd  v a l i d  d i s -
i p la c e m e n ts .
3 .3 .3  A u to g ra p h ic  R e co rd e rs  
Two ty p e s  o f  a u to g ra p h ic  r e c o r d e r  w ere  u se d  i n  th e  t e s t  p rogram , 
eac h  o f  w hich  c o u ld  a c c e p t  a  c o n tin u o u s  o u tp u t  from  lo a d  and d i s ­
p la c e m e n t t r a n s d u c e r s .  D e t a i l s  o f  th e  r e c o r d e r s  and t h e i r  p e rfo rm a n c e  
a r e  g iv e n  i n  A ppendix  D.
(1) W atanab le  X-Y R eco rde r, L oad was m o n ito re d  on th e  Y ( v e r t i c a l )  
a x i s ,  and d is p la c e m e n t  on th e  X ( h o r i z o n ta l )  a x i s .  T h is  r e c o rd e r  
i s  m ost s u i t a b l e  f o r  r e c o rd in g  th e  i n i t i a l  a s c e n d in g  p o r t i o n  o f  a
-d P DC,1
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lo a d - d e f le c t io n ,  c u rv e ,  b u t  i t  c a n n o t a d e q u a te ly  fo l lo w  th e  
c a t a s t r o p h ic  c ra c k  g ro w th  p o r t i o n  a f t e r  p e a k  lo a d .
The p a r t i c u l a r  r e c o r d e r  u se d  had  a f re q u e n c y  r e s p o n s e  o f  o n ly  
a b o u t  one  Hz w hich  was i n s u f f i c i e n t  t o  m o n ito r  th e  t r a n s i e n t  
e f f e c t s  o f  r a p id  c ra c k  p r o p a g a t io n .  W here th e  f r a c t u r e  was 
e n t i r e l y  s t a b l e ,  h o w ev e r, no p ro b lem  w as e n c o u n te re d  i n  d e f in i n g  
th e  f u l l  l o a d - d e f l e c t i o n  c u rv e . A ls o , t h i s  in s t ru m e n t  h a s  th e  
g r e a t  a d v a n ta g e  o f  p ro d u c in g  an  im m e d ia te ly  i n t e r p r e t a b l e  r e c o r d .  
An exam ple o f  how th e  r e s p o n s e  o f  th e  p l o t t e r  d i f f e r e d  from  th e  
t r u e  shape  o f  th e  l o a d - d e f l e c t i o n  c u rv e  a f t e r  f a i l u r e  
( i . e .  th e  t a i l  p o r t i o n  o f  th e  c u rv e )  i s  g iv e n  i n  F ig .  3 .5 ,  show ing 
t h a t  i t  i s  h ig h ly  in a c c u r a te  to  a c c e p t  th e  r e c o r d  from  su c h  a 
p l o t t e r  a f t e r  f a i l u r e  i n  a c a t a s t r o p h ic  f r a c t u r e  sp e cim en .
(2 ) N .E .P . ti. l t r a - V i o l e t  R e c o rd e r  (U .V .) T h is  in s t ru m e n t  was 
b ro u g h t i n t o  u se  when i t  was r e a l i s e d  t h a t  a  d e f i n i t e  t a i l  p o r t io n  
e x i s t e d  f o r  m o st o f  th e  l o a d - d e f l e c t i o n  c u rv e s  b e in g  r e c o rd e d ,  and 
th a t  th e  X-Y r e c o r d e r  c o u ld  n o t  a d e q u a te ly  m easu re  t h i s  t a i l  
p o r t i o n  i f  f a i l u r e  was c a t a s t r o p h i c .  S e n s i t i v i t y  and f re q u e n c y  
r e s p o n s e  to  t r a n s i e n t s  w ere  much h ig h e r  on th e  U.V. r e c o r d e r  
th a n  on th e  X-Y r e c o r d e r ,  i n  f a c t  th e  in c r e a s e  o f  s e n s i t i v i t y  to  
t r a n s i e n t s  o .  th e  U.V. r e c o r d e r  o v e r  th e  X-Y r e c o r d e r  was tw en ty  
to  tw en ty  f i v e  tim es  h ig h e r .  The u s e  o f  th e  U.V. r e c o r d e r  a l s o  
" llo w ed  a  s im u lta n e o u s ,  a u to g ra p h ic  r e c o rd  o f  th e  o u tp u t  from  
any e l e c t r i c a l  r e s i s t a n c e  s t r a i n  g auges c a s t  i n to  t h e  specim en  
to  b e  o b ta in e d .
Portion a f te r  Peak. Lod-ei R.eCortJ«L 
Wu V-Y P lo tte r
Tail Portion 
C o fr<iC'tl,j  Reeord-ecL
h  16 . 3 . 5  COM PARISON O F  T R U E  L Q A D - P e F L E C T I  ON 
C u R v e  a n d  A p p a r e n t  C u & v E  a f t e - r ,  F a i l -
-U B E  F & O M  X - Y  R g C O f t D E R
CHAPTER 4
LABORATORY TEST PROGRAM AND RESULTS
I 4 .1  I n t r o d u c t io n
|  An e x te n s iv e  l a b o r a to r y  t e s t  p rog ram  was i n i t i a t e d  i n  a t d e t  to  s tu d y
th e  v a r i a b l e s  a f f e c t i n g  th e  f r a c t u r e  p r o p e r t i e s  o f  cem en ted  m a te r i a l s
o f  c o n s t r u c t io n ,  and to  d i s t i n g u i s h  th e  c h a r a c t e r i s t i c s  o f  a  v a l id
f r a c t u r e  t e s t  on su c h  m a t e r i a l s .  A t o t a l  o f  a p p ro x im a te ly  one hund red  
and tw e n ty  beam and  s la b  sp e c im en s  w ere  t e s t e d  i n  f l e x u r e  i n  a  v a r i e t y  
o f  t e s t  m a ch in e s and t e s t  s e t - u p s ,  i n  o r d e r  t o  in v e s t i g a t e ,  th e  v a r io u s  
e f f e c t s  o f  s t r a i n  r a t e ,  c r e e p ,  t e s t i n g  m ach ine  s t i f f n e s s  and p la n e  
s t r e s s / p l a n e  s t r a i n .  The m a jo r i t y  o f  sp e cim en s t e s t e d  w ere  
lO lxlO lxC 'lO  mm beams ( i . e .  a  no m in a l s i z e  o f  4x4x24 in c h )  • I n  a d d i t i o n ,  
101 mm cube t e s t s  w ere c o n d u c te d  a s  a c o n t r o l  on beam s t r e n g t h s . The 
develo p m e n t o f  a d e q u a te  i n s t r u m e n ta t i o n  f o r  th e  t e s t s  w as a  s i g n i f i c a n t  
p a r t  o f  th e  w ork in v o lv e d .  Two ty p e s  o f  cem en ted  m a te r i a l s  w ere 
I s t u d i e d : -  th e  f i r s t  was a  sa n d -c em en t m o r ta r  u s in g  R a p id -H ard en in g
S P o r t l a n d  Cement and a  sa n d  r e s i d u a l  from  w e a th e re d  g r a n i t e ;  th e  second
I was a g a p -g ra d e d  a s p h a l t  m ix to  B .S .5 9 4 . The m o r ta r  specim ens w ere
f d e s ig n e d  to  h av e  a  c o m p re s s iv e  s t r e n g th  o f  30 MPa a t  th e  tim e  o f  t e s t ,
|  w hich  v a r i e d  from  f iv e  to  se v en  d a y s  a f t a r  c a s t i n g .  T he a s p h a l t  beams
|  w ere  s to r e d  a t  room te m p e r a tu re  i n  th e  l a b o r a to r y  f o r  a p p ro x im a te ly
|  s i s r y  d a y s  b e f o r e  b e in g  t e s t e d .  D e t a i l s  o f  th e  m ix d e s ig n s ,  specim en
j p r e p a r a t i o n  and c u r in g  o f  th e  m o r ta r  beams a r e  p r e s e n te d  i n  A ppendix  C.
! S ix  s e r i e s  o f  t e s t s  w ere  c o n d u c te d , and e a c h  s e r i e s  in c lu d e d  b o th
j n o tc h e d  and  u n n o tc h ed  bend sp e c im e n s . The u n n o tc h ed  beams w ere  u se d  to
i e v a lu a t e  unn o tc h ed  c o m p lia n c e s ,  and e q u iv a le n t  t im e -d e p e n d e n t Y o ung 's
|  M oduli f o r  th e  v a r io u s  t e s t  s e r i e s .  The o th e r  sp e cim en s c o n ta in e d  c a s t -
; i n  n o tc h e s  i n  th e  c a se  o f  th e  cem ent m o r ta r  beam s, and sawn n o tc h e s
J i n  th e  c a s e  o f  th e  a s p h a l t  beam s. Two ty p e s  o f  n o tc h e s  w ere u s e d : -
; e i t h e r  r e c t a n g u l a r  t h r o u g h - tb 1'u k n e s s  n o tc h e s  o f  v a ry in g  n o tc h -d e p th
j r a t i o s  o r  'v e e ' n o tc h e s  fo rm in g  a c h e v ro n -sh a p e d  n o tc h  i n  th e  sp e c im en ,
w ith  th e  ap ex  o f  th e  n o tc h  on th e  t e n s io n  f a c e .  A l l  th e  c a s t - n o tc h e s  
■; w e t s  fo rm ad u i t h  a  t h i r t y  d e g re v  r o o t  a n g le ,  p ro d u ce d  by  s t e e l  n o tc h -
fo rm e rs  m achined  fro m  3 mm p l a t e .  D e t a i l s  o f  th e  n o tc h - f o r m e r s  a r e  
g iv e n  i n  F ig .  4 .1 .
The o u tp u t  from  eac h  t e s t  was i n  th e  form  o f  a l o a d - d e f l e c t i o n  
c u rv e ,  p ro d u ce d  a u to g r a p h ic a l l y  on e i t h e r  th e  W atanabe X-Y R e co rd e r 
o r  th e  N .E .P . U l t r a - V io l e t  R e c o rd e r, T h ese  l o a d - d e f l e c t i o n  c u rv e s  
w ere  th e n  a n a ly s e d  and th e  r e l e v a n t  f r a c t u r e  p a ra m e te r s  e v a lu a te d .
Some t e s t s  i n  S e r ie s  5 a l s o  m o n ito re d  th e  l o n g i t u d i n a l  and t r a n s v e r s e  
s t r a i n s  j u s t  above th e  n o tc h  r o o t ,  by  means o f  c a s t - i n  e l e c t r i c a l  r e s i s ­
ta n c e  s t r a i n  gouges m ounted  on t h i n  c o p p er  I - S e c t i o n s .  I n  t h i s  c a s e ,
Che U.V. r e c o r d e r  was u se d  to  p ro d u c e  a s im u lta n e o u s  o u tp u t  o f  lo a d ,  
d e f l e c t i o n  and s t r a i n .  The c o p p er  I - s e c t i o n s  had  p r o v is io n  f o r  end 
a n ch o rag e  i n t o  th e  sp e c im en , and  a l s o  p r o v id e d  a lo n g e r  gauge le n g th  
f o r  th e  s t r a i n  g a u g es . I n  a d d i t i o n ,  th e  r a t e  o f  s t r a i n  f o r  th e  t e s t s  
i r  S e r ie s  3 t o  6 was m easu red  and was e x p re s s e d  a s  a  r a t e  o f  d e f l e c t i o n  
u n d e r  th e  lo a d  p o in ts  ( i . e .  iW s e c ) .  In  S e r i e s  4 and 5 , th e  t o t a l  m achine  
lo a d  a s  w e l l  a s  th e  lo a d  on th e  sp e c in len  was m e asu re d . The r a t ^ o  o f  
th a  specim en  lo a d  to  th e  t o t a l  m ach ine  lo a d  was c a l l e d  t h e  'l o a d  r a t i o ' ,  
and t h i s  a llo w e d  a  m e asu re  o f  th e  m ach ine  s t i f f n e s s  to  b e  o b ta in e d .
The t e s t  p rog ram  was d e s ig n e d  w i th  th e  o b j e c t  o f  a r r i v i n g  a t  some 
lo g i c a l  and u n ifo rm  m ethod o f  f r a c t u r e  t e s t i n g  o f  cem en ted  m a t e r i a l s ,  
and t h i s  n e c e s s i t a t e d  i s o l a t i n g  th e  d i f f e r e n t  v a r i a b l e s  a f f e c t i n g  th e  
f r a c t u r e  p a ra m e te r s .  H ence, S e r i e s  1 and  2 c o m p rised  an  i n i t i a l  
e v a lu a t io n  o f  th e  f r a c t u r e  t - . s t i n g  o f  cem ented  m a t e r i a l s ,  and h ig h ­
l i g h t e d  some o f  th e  im p o r ta n t  v a r i a b l e s  a f f e c t i n g  th e  f r a c t u r e  p r o p e r ­
t i e s ,  a s  w e l l  a s  th e  ne ed  f o r  s u i t a b l y  d e s ig n e d  and a d e q u a te  in s t ru m e n ­
t a t i o n .  S e r ie s  3 and  4 s tu d i e d  r e s p e c t i v e l y  Che e f f e c t s  o f  c o n t r o l l e d  
s t r a i n  r a t e  and t e s t i n g  m ach ine  s t i f f n e s s ,  w h ile  S e r ie s  5 .a tte m p te d  
a v e ry  b r i e f ,  in t r o d u c to r y  e v a lu a t io n  o f  p la n e  s t r e s s / p l a n e  s t r a i n  
e f f e c t s .  F i n a l l y ,  S e r ie s  6 c o m p rised  a  s h o r t  s e r i e s  o f  t e s t s  on a s p h a l t  
beams aa a c o m p ariso n  w i th  th e  m o r ta r  beam s u se d  in  S e r ie s  1 to  5 .
D e t a i l s  o f  a l l  th e  a p p a r a tu s  u se d  i n  th e  t e s t s ,  i n c lu d in g  th e  a u to ­
g r a p h ic  r e c o r d e r s ,  a r e  g iv e n  i n  A ppendix  D.
4 .2  L a b o r a to ry  T e s ts
4 .2 .1  S e r ie s  1 : I n i t i a l  S tudy  o f  N o tched  Beams 
S e r ie s  1 was c o n d u c te d  a s  ati i n i t i a l  s tu d y  o f  n o tc h e d  m o r ta r  beam s in  
f l e x u r e  i n  o r d e r  to  d i s t i n g u i s h  th e  d i f f e r e n t  v a r i a b l e s  o f  f r a c t u r e
R e c t a n g u l a r  T ~ K ro u q K -T li tc l t .n e .4 s  N o t c K - P o i
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t e s t i n g .  A t o t a l  o f  tw e n ty  f i v e  beams w ere  t e s t e d  f o r  S e r ie s  1 .
The su b se q u e n t S e r ie s  2 to  5 w ere  th e n  d e s ig n e d  in  o r d e r  to  i s o l a t e  and 
s tu d y  i n  g r e a t e r  d e t a i l  th o s e  v a r i a b l e s  t h a t  w ere r e c o g n is e d  a s  b e in g  
s i g n i f i c a n t  from  S e r ie s  1 , I t  i s  im p o rta n t: to  s t r e s s  h e re  t h a t  S e r ie s  1 
em ployed  sp e c im en s  w hose d e f l e c t i o n s  u n d e r  th e  lo a d  p o in t s  d u r in g  
t e s t i n g  w ere  m o n ito re d  th ro u g h  th e  lo a d  p l a t e n s ,  and th e r e f o r e  c o n ta in e d  
u nw anted  e x tra n e o u s  d e f l e c t i o n  com ponents due  to  l o c a l i s e d  p l a s t i c  
o r u s h in g  o f  th e  specim en  s u r f a c e  u n d e r  th e  lo a d  p l a t e n s .
(S ee  p r e v io u s  S e c . 3 . 3 . 2 ) .  H ence, th e  d e f l e c t i o n s  a re  a l l  o v e re s t im a te d  
and th e  r e s u l t s  a r e  u n r e l i a b l e  to  a  g r e a t e r  o r  l e s s e r  e x t e n t . No
s a t i s f a c t o r y  b a s i s  f o r  c o n v e r t in g  th e  d e f l e c t i o n  m e asu rem en ts  back  to  
th e  t r u e  v a lu e s  f o r  th e  d e f l e c t i o n s  o f  th e  beam  i t s e l f  w as a v a i l a b l e ,  
and so  th e  l o a d - d e f l e c t i o n  c u rv e s  fro m  th e  t e s t s  w ere  a c c e p te d  and 
a n a ly s e d  w ith o u t  c o r r e c t i o n .  H ow ever, th e  f r a c t u r e  p a ra m e te r s  c a lc u ­
l a t e d  from  th e  t e s t s  c a n n o t b e  a c c e p te d  a s  v a l i d , and th e  t e s t  r e s u l t s  
a r e  p r e s e n te d  in  o r d e r  to  show th e  ne ed  f o r  a d e q u a te  and w e l l-d e s ig n e d  
in s t r u m e n ta t i o n  Tfieasnrerae-nts.
(1 ) T e s t  S e t-U p  and P ro c e d u re  
The t e s t  s e t - u p  i s  shown p h o to g r a p h i c a l ly  i n  F i g . ' s  4 .2  and 4 .3 ,  and 
d ia g ra r o m a tic a l ly  i n  B ig . 4 . 4 ,  w h ic h  a l s o  show s th e  sp a c im ea  d im e n s io n s , 
i . e .  nom ina l 101x101 mm m o r ta r  beams t e s t e d  in  f o u r - p o in t  ben d in g  
w ith  a m a jo r  sp a n  S j = 610 mm and a m in o r  sp a n  S j  *  203 mm (n o m in a l) .
N o te  th e  d e f l e c t i o n s  o f  th e  LVDT p lu n g e rs  w h ich  w ere  m e asu re d  th ro u g h  
th e  lo a d  p l a t e n s  ( F ig .  4 .3 ) .  The r i g  h o ld in g  th e  LVDT'a i s  su p p o r te d  
on th e  specim en  o v e r  th e  s u p p o r t  p o i n t s ,  and t h i s  e l im in a te s  e x tra n e o u s  
d e f l e c t i o n s  due to  c ru s h in g  o v e r  th e  s u p p o r t  p o i n t s .  The lo a d  i s  
t r a n s f e r r e d  to  th e  specim en  by m eans o f  1 2 ,5  mm b r i g h t  s t e e l  ro d  lo a d  
p l a t e n s  m ounted in  a  203 mm sp a n  lo a d  s p r e a d e r  r i g  (See  d e t a i l s  in  
A ppendix  D).
The t e s t i n g  m ach ine  u se d  f o r  S e r i e s  1 was a  M acklow -Sm ith h y d r a u l i c  
t e s t i n g  m ach ine  o f  max c a p a c i ty  340 kN. The m ach ine  was c a p a b le  o f  
lo a d in g  a t  v a ry in g  r a t e s .  The l o a d - c e l l  and LVDT o u tp u ts  from  a l l  th e  
t e s t s  i n  S e r ie s  1 w ere  fe d  i n to  th e  W atanabe X-Y R e c o rd e r .  I t  was 
found  t h a t  t h i s  r e c o r d e r  c o u ld  n o t  a d e q u a te ly  m e asu re  th e  c ra c k  grow th  
a f t e r  f a i l u r e  o f  th o se  sp e cim en s t h a t  f r a c t u r e d  c a t a s t r o p h i c a l l y .  
N e v e r th e le s s ,  w here  p o s s ib l e  Chu sh a p e s  o f  th e  l o a d - d e f l e c t i o n  c u rv e s
F i s - 4 - 2 ,  G e n e r a l  T e s t  S e t - U p .  S e k - i e s  i . } 
S h o w i n g  M a c k l o w - S m i t h  H y e r - a l i l i c  
M a c h i n e
w ere  i n f e r r e d  from  l a t e r  t e s t s  so t h a t  v a lu e s  o f  th e  e f f e c t i v e  f r a c t u r e  
s u r f a c e  e n e rg y  ^  c o u ld  s t i l l  be o b ta in e d .  F ig . 4 .5  shows th e  X-Y 
r e c o r d e r  p r o d u c in g  a  lo a d - d e f l e c t i o n  re c o rd  d u r in g  a  t e s t .
A lth o u g h  s t r a i n  r a t e s  w ere  n o t  m easu red  f o r  S e r ie s  1 , i t  i s  
c o n s id e r e d  Chat th e  m a jo r i t y  o f  th e  t e s t s  w ere  ' f a s t '  t e s t s ,  i . e .  th e  
r a t e  o f  lo a d  a p p l i c a t i o n  was s u f f i c i e n t  to  c a u se  th e  r a t e  o f  d e f l e c t i o n  
u n d e r  th e  lo a d  p o in t s  ( h e r e a f t e r  c a l l e d  th e  ’ s t r a i n —r a t e ' )  to  e xceed  
1 ,0  tim /se c , (See  d is c u s s io n  o f  t h i s  l a t e r  i n  S e r ie s  3 ) .
R e f .  23 p . 14 c o n ta in s  s p e c i f i c a t i o n s  f o r  f r a c t u r e  specim en  d im en­
s i o n s .  The f i r s t  s p e c i f i c a t i o n  r e l a t e s  to  th e  r e q u i r e d  d im e n s io n s  
i n  o r d e r  to  p ro d u ce  p u re  b e n d in g  in  th e  c e n t r a l  m ino r sp a n  o f  th e  
sp e c im en . F o u r - p o in t  b e n d in g  i s  c o n s id e r e d  to  b e  e q u iv a le n t  to  p u re  
b e n d in g  i f  th e  r a t i o  o f  th e  m ino r sp a n  to  sp e c im en  d e p th  i s  n o t  l e s s  th a n  
tw o. F o r  t h e  beams in  S e r i e s  1 , Sg ■ 203 = 2 and was t h e r e f o r e
T  , 101
s a t i s f a c t o r y .  The. se co n d  s p e c i f i c a t i o n  r e l a t e s  to  specim en  in d e n ta t i o n  
and f r i c t i o n  a t  th e  s u p p o r t s .  S u b s t a n t i a l  e r r o r s  w i l l  n o t  b e  in tr o d u c e d  
p r o v id e d  th e  r a t i o  o f  th e  m a jo r , su p p o r t  sp a n  to  specim en  d e p th  i s  g r e a t e r  
th a n  a b o u t f o u r .  F o r  t h i s  c a s e ,  S j = 610 ■= 6 > A and  was t h e r e f o r e
T  101
s a t i s f a c t o r y .
(2) T e s t  R e s u lts
The r e s u l t s  from  th e  t e s t s  f o r  S e r ie s  1 a r e  p r e s e n te d  i n  T a b le s  4 .1 ( a )  
and 0> ), T a b le  4 .1 ( a )  r e p r e s e n t s  th e  r e s u l t s  and th e  a n a ly s i s  o f  th e  
l o a d - d e f l e c t i o n  c u rv e s  f o r  th o s e  beams w ith  no n o tc h e s ,  o r  w ith  
r e c t a n g u l a r  c a s t - i n  n o tc h e s .  N otch  d e p th s  w ere  1 2 ,7  mm, 2 5 ,4  mm,
3 8 ,1  mm ( o n ly  one  beam ), and 5 0 ,8  mra. T a b le  4 . 1 (b )  shows th e  r e s u l t s  
f o r  th e  'v e e '- n o t c h  beam s. Columns 1 to  6 o f  T a b le  4 .1 ( a )  r e p r e s e n t  
th e  r e s u l t s  d i r e c t l y  from  th a  l o a d - d e f l e c t i o n  c u rv e s  o f  th e  beam s, w h ile  
colum ns 7 ,8  and 9 r e p r e s e n t  th e  a n a ly s i s  o f  th e  r e s u l t s  i n  o r d e r  to  
a r r i v e  a t  th e  n o tc h -d e p th  r a t i o  a t  f a i l u r e ,  c  / d ,  and  h e n ce  th e  n o tc h  
d e p th  a t  f a i l u r e  e c , a s  w a l l  a s  th e  v a lu e  o f  f ( c / d )  from  F i g .  3 .2  to  
c a l c u l a t e  The m ethod o f  f in d in g  th e  n o tc h -d e p th  r a t i o  a t
f a i l u r e  makes u s e  o f  th e  change i n  c o m p lia n ce  r a t i o  AL/L a t  f a i l u r e ,  
and i s  e x p la in e d  f u l l y  i n  A ppendix  B. L i s  th e  a v e ra g e  o f  th e  
unm atched c o m p lia n ce s  f o r  th e  p r e v a i l i n g  s t r a i n  r a c e  w h ich  i s  assumed 
to  h av e  been  ' f a s t '  ( s e e  F ig . 3 .3 ) .  Column 10 show s th e  v a lu e s  o f
T e s t i n g  M ac.V iir
P l a t e n s .  — —
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T a b le  4 .1 ( b )  ' V ee1 H o tc h es  : R e s u l t s  f o r  S e r ie s  1 :
I n i t i a l  T e s ts
L oad ing  System  
Specim en So. 
(Cube S t r .  MPa)
R a te
Max. Load 
a t  F a i l u r e
OcN)
F r a c tu r e
E nergy
am
(28.54) 1 ,038 0 ,1 8 0
s
A
1 .2 0
(2 8 ,5 /.) 1 ,1 4 6 0 ,0 9 9
a
1 .2 1
(28.34) 1 ,647 0 ,3 2 1
B
1 .2 2
(2 8 ,5 4 ) 1 ,0 8 2 0 ,2 2 5
i
(2 9 ,5 5 ) 2 ,084 0 ,2 9 2
1 .2 4
(2 9 ,5 5 ) - 0 ,2 5 0
; ’ 'F a s t '  S t r a in  B a te  > 1 ,0  pm /sac
j j ’ S low ’ S t r a i n  R a te  < 1 ,0  pm /sec
• 1 N ote  ’V ee’-N o tch  Beams f o r  S e r ie s  1 w ere  t e s t e d  on a
1 i 610 mm span
I
t o t a l  f r a c t u r e  e n e rg y  .  f o r  e a c h  sp e c im en , i , e ,  th e  e n e rg y  r e q u i r e d  
to  p ro d u ce  f r a c t u r e ,  r e p r e s e n te d  by  th e  a r e a  u n d e r  th e  lo a d - d e f l e c t i o n  
c u rv e  f o r  th e  sp e cim en ,
T he a v e ra g e  f l e x u r a l  Y o u n g 's  M odulus f o r  th e  u n n o tc h ed  beams of 
S e r i e s . 1 was 1 2 ,0  GPa, and  th e  a v e ra g e  u n n o tc h ed  c o m p lia n ce  was 3 ,4  
m2 /GN. (m2/GN i s  d im e n s io n a l ly  e q u iv a le n t  t o  (GPa) 1)  T hese  v a lu e s ,  
a s  w ith  a l l  o th e r  v a lu e s  in v o lv in g  d e f l e c t i o n ,  a r e  ' a p p a r e n t1 v a lu e s  
b e c a u se  o f  th e  e x tra n e o u s  d e f l e c t i o n  com ponents in c lu d e d  i n  -them. 
I n i t i a l l y ,  h a lf - b e a m s  from  f r a c t u r e  t e s t s  on beam s o f  610 ram sp a n  w ere 
t e s t e d  on a  305 mm sp a n  w i th  c e n t r e - p o i n t  lo a d in g ,  b u t  th e  r e s u l t s  from  
t h e s e  t e s t s  w ere  so  e r r a t i c  a s  t o  b e  u n u sa b le  and a r e  t h e r e f o r e  n o t 
p r e s e n te d  h e re .
U sing  th e  t e s t  r e s u l t s  o f  T a b le  4 . 1 ,  th e  f r a c t u r e  p a ra m e te r s  and Kc
and y  w ere  c a l c u l a t e d  u s in g  th e  p ro c e d u re  o u t l i n e d  i n  s e c t i o n  3 .2 ,4 ,  and
a r e  p r e s e n te d  i n  T a b le  4 . 2 .  An exam ple o f  a  d e t a i l e d  c a l c u l a t i o n  i s  
g iv e n  in  A ppendix  B.
Summary c u rv e s  o f  th e  r e s u l t s  and  th e  f r a c t u r e  p a ra m e te r  y  a r e  p r e s e n te d  
in  F i g . ' s  4 .6  and 4 .7 .  C h a r a c t e r i s t i c  l o a d - d e f l e c t i o n  c u rv e s  o f  th e  
beam s w i th  v a r io u s  n o tc h  d e p th s  a r e  n o t  p r e s e n te d  h e r e  b e c a u se  o f  th e  
in a c c u r a t e  d e f l e c t i o n  m easu rem en ts  w h ich  p ro d u ce d  a g r e a t e r  i n h e r e n t  
v a r i a b i l i t y  and u n r e l i a b i l i t y  i n  c o m p ariso n  to  th o se  beams in  l a t e r  
t e s t  s e r i e s  t h a t  had v a l i d  d e f l e c t i o n  m e asu re m en ts . A c o m p ariso n  
b e tw ee n  'v a l i d '  and ' i n v a l i d '  l o a d - d e f l e c t i o n  c u rv e s  i s  shown s c h e m a ti­
c a l l y  i n  F i g .  3 . 4 ( b ) . • th e  same r e a s o n ,  a  th o ro u g h  d i s c u s s io n
o f  th e  r e s u l t s  and th e  f • .c u re  p a ra m e te r s  th e y  y i e l d  i s  n o t  p r e s e n te d
h e r e .  S e r ie s  3 and 4 c o n ta in  a  more d e t a i l e d  s tu d y  o f  th e  e f f e c t  o f  
d i f f e r e n t  v a r i a b l e s  on th e  f r a c t u r e  p a ra m e te r s . N e v e r t h e le s s ,  two 
p o in t s  a r e  w o rth y  o f  n o te  h e r e .  The f i r s t  i s  t h a t  P ig .  4 .6  shows t h a t  
w h ile  th«s e x p e r im e n ta l  L /L  v e r s u s  c /d  m ig h t b e  d i s p l a c e d  l a t e r a l l y  
from  f.he t h e o r e t i c a l  l i n e  (w hich  i s  rep ro d u c e d  from  F i g .  3 . 3 ,  v = 0 , l ) , 
th e  s lo p e s  o f  th e  two c u rv e s  a r e  v e ry  a im i l a r .  T h is  a l lo w s  th e  th e o ­
r e t i c a l  c u rv e  to  be used  in  o r d e r  to  f in d  th e  c r i t i c a l  c ra c k  le .n g th  a t  
f a i l u r e ,  c  , s in c e  i t  i s  th e  change  i n  c o m p lia n ce  a t  f a i l u r e ,  AL, 
p ro d u ce d  by  slow  s t a b l e  c ra c k  grow th  from  th e  i n i t i a l  known n o tc h  
d e p th ,  t h a t  i s  u se d  to  f in d  c . S e c o n d ly , F i g .  4 .7  shows t h a t  th e  
v a lu e  o f  y can  v a ry  d e p en d in g  on th e  n o tc h  d e p th  u se d  to  c a l c u l a t e  i t .  
T h is  i s  an e f f e c t  in tr o d u c e d  by th e  ty p e  o f  f r a c t u r e  p r e s e n t  i n  th e
T a b le  4 .2  F r a c tu r e  P a r a m e te rs  f o r  S e r i e s  1 : 
I n i t i a l  T e s ts
2 5
L o ad in g  System  
Specim en No,
- (Cube S t r .
MPa)
I n i t i a l Gc
(%)
Kc 
(MN/m* i >{V)
i . i
(2 9 ,5 5 ) 6 1 ,2 0 ,8 9 4 5 ,8
1 .2
(3 1 ,3 9 ) 5 5 ,9 0 ,8 4 37.7
(3 1 ,3 9
£
3 8 ,9 0 ,7 1 3 2 ,9
H
1 .4
(2 8 ,7 7 ) 6 5 ,4 0 ,8 6 24,5
T (2 8 ,7 7 ) 3 7 ,0 0 ,6 7 29 ,5
°
1 .6
(2 8 ,7 7 )
z
1 4 3 ,3 0 ,7 2 5 4 ,5
5
1 .7
(2 9 ,5 5 ) 5 3 ,8 0 ,7 9 35 ,9
1 .8
(3 1 ,3 9 ) 3 4 ,2 0 ,6 3 -
(33,9V ) J* 59 ,5 0 ,8 1 4 7 ,7
1 .1L
(3 3 ,9 7 ) 5 0 ,1 0 ,7 4 4 2 ,6
1 .1 2
(3 3 ,9 7 )
i
1 5 3 ,3 0 ,7 6 3 5 ,9
1 .1 3
(2 8 ,5 4 ) 2 7 ,4 0 ,5 5 3 2 ,2
1 .1 4
(2 9 ,5 5 ) 3 5 ,6 0 ,6 2 3 8 ,8
(3 1 ,3 9 ) 2 6 ,5 0 ,5 4 27,1
T a b le  4 .2  (C o n t'd )
4 5
1 .1 6
sa (M.77) 64 ,4 2 9 ,1H
S (28.77) 1
55 ,9 18 ,7
1 .1 8
c= (2 9 ,5 5 ) s 3 7 ,7 2 9 ,0
M (2 8 ,5 4 ) - 21 ,2
~ 1 .2 0
* (2 8 ,5 4 ) 1 1 ,7
1 .21
W (2 8 ,5 4 ) •3
3 7 ,8
|
k (2 8 ,5 4 ) 26,5
1 ,2 3 1
(2 9 ,5 5 ) 34 ,4
=> (2 9 ,5 5 ) 29 ,5
(2 9 ,5 5 ) 38 ,1 3 6 ,0
|
, 'F a s t '  S t r a i n  R a te  > 1 ,0  ym /sec
- 'S lo w ' S t r a i n  R a te  < 1 ,0  um /aec
0  %i I q s  o p  A 6  <
N o t c h  . D e p t h  R a t i o  c / d
FlG .4 .  6  TH E O RE T I CA L  AND E X P E R I M E N T A L  C O M PL IA N C E  
N o t c h  D e p t h  C u r v e  f o r  S e R i s s  1
N o t c h  -  D e p t  k G e t  t o  c / d  
A g .  4 . 7  Fyg-P-SUS c /d  C U R V E  F'QR S E R I E S  1
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sp e c im en , i . e .  w h e th e r  Che f r a c t u r e  i s  s t a b l e  o r  c a t a s t r o p h ic
( s e e  S e c . 2 , 4 ) ,  and i s  d i s c u s s e d  m ore f u l l y  l a t e r  i n  S e c . 4 . 2 . 4 ( 2 ) ( c ) .
F ig .  4 .7  a l s o  ta b u la t e s  th e  n o m in a l f r a c t u r e  a re a  (2A ) f o r  th e  d i f f e r e n t  
c /d  r a t i o s .  T h is  a llo w s  y f o r  'v e e '- n o t c h e s  to  b e  in c lu d e d  i n  F i g . 4 .7 ,  
by a ssu m in g  an  e f f e c t i v e  r e c t a n g u l a r  n o tc h -d e p th  r a t i o  f o r  'v e e ’- n o tc h e s  
o f  0 ,5 8 2 .  i . e .  th e  n o tc h -d e p th  r a t i o  c o r r e s p o n d in g  to  th e  n o m in a l f r a c t u r e  
a re a  o f  th e  V v e e '- n o tc h .
F o r  S e r ie s  1 , th e  a v e ra g e  v a lu e s  o f  th e  f r a c t u r e  p a ra m e te r s  a r e : -  
Gc = 4 M  N/tn
Kc = 0 ,7 2  MN/m1' 5
7  =■ 3 2 ,7  N/m f o r  a l l  th e  beams
Y -  2 6 ,4  N/tn f o r  th e  5 0 ,8  mm and 'v e e '-n o fc c h  beam s.
I n  c o m p ariso n  to  th e  v a l i d  f r a c t u r e  p a ra m e te r  v a lu e s  p r e s e n te d  l a t e r ,
G f o r  S e r ie s  1 i s  a b o u t 50 p e r  c e n t  h ig h e r  th a n  f o r  l a t e r  s e r i e s ,  b u t  
K and y a re  c l o s e l y  c o m p arab le .
4 .2 .2  S e r ie s  2 : T e s ts  on H an d -Ja ck  Set-U p
(1 ) T e s t  S e t-U p  and  P ro c e d u re  
S e r ie s  2 was o r i g i n a l l y  d e s ig n e d  co p ro v id e  a t e s t  s e t - u p  t h a t  w ould 
g iv e  a g r e a t e r  d e g te e  o f  c o n t r o l  o v e r  th e  d e f l e c t i o n  o f  th e  beam 
specim en  d u r in g  lo a d in g .  A m e c h a n ic a l s c re w - ja c k  w hich  was hand 
o p e ra te d  was m ounted on a lo a d in g  fram e  and used  to  lo a d  th e  specim ens
from  be lo w . I t  was hoped t h a t  th e  u se  o f  t h i s  sy s te m  w ould a l lo w  th e
d e f l e c t i o n  b e in g  im p a r te d  to  th e  sp e c im en  by th e  j a c k  to  be h a l t e d  a t  
th e  c r i t i c a l  p o in t  o f  u n s ta b le  c ra c k  p r o p a g a t io n ,  and th e re b y  p ro d u ce  
a m ore s t a b l e  ty p e  o f  f r a c t u r e .  Tho c r i t i c a l  e f f e c t  o f  lo a d in g  m ach ine  
s t i f f n e s s ,  w hich  g o v e rn s  th e  s t r a i n  e n e rg y  s to r e d  in  th e  m achine  sy s te m , 
had n o t  been  f u l l y  a p p r e c ia te d  a t  t h i s  s t a g e  o f  th e  t e s t  program m e.
The r e s u l t  was t h a t  th e  h a n d - ja c k  s e t - u p  n e v e r  p ro d u ce d  m ore s t a b l e  
f r a c t u r e s  i n  th e  t e s t s  on n o tc h e d  and u n n o tc h ed  beams th a n  th e  o th e r  
sy s te m s  w ith  l e s s  c o n t r o l  o v e r  th e  specim en  d e f l e c t i o n .  T h is  was 
f i r s t l y  b e c a u se  th e  s t r a i n  e n e rg y  s to r e d  i n  th e  lo a d in g  fram e  and  ja c k  
a t  th e  c r i t i c a l  p o in t  o f  f a i l u r e  i n s t a b i l i t y  was s u f f i c i e n t l y  la r g e  
to  c a u s e  c a t a s t r o p h ic  f a i l u r e  in  a l l  e x c e p t  th e  5 0 ,8  inm n o tc h e d  beam s, 
and se c o n d ly  b e c a u s e  th e  WatannUe X-Y R e co rd e r  was u se d  to  m o n ito r  th e
I
I
t e s t s , s o d  a s  e x p la in e d  p r e v io u s ly ,  t h i s  r e c o r d e r  was u n a b le  to  resp o n d  
s u f f i c i e n t l y  to  t r a n s i e n t  e f f e c t s  a t  f a i l u r e .  I t  i s  im p o r ta n t  to  n o te  
th a t: o th e r  i n v e s t i g a t o r s  ( e g . G lu c k lic h  I 3 ) h a v e  f a i l e d  to  r e c o rd  t a i l  
p o r t io n s  t o  t h e i r  l o a d - d e f l e c t i o n  c u rv e s  a f t e r  th e  c r i t i c a l  pe ak  lo a d ,  
and >:he r e a s o n  i s  v e ry  p o s s ib ly  t h a t  th e  s t r a i n  e n e rg y  o f  th e  v a r io u s  
. t e  s e t - u p s  was b e in g  fe d  ba ck  i n t o  th e  sp e c im en  d u r in g  f a i l u r e ,  
p r s v a n '. in g  a  s t a b l e  ty p e  o f  f r a c t u r e  b e in g  p ro d u c e d . (See  S e c . 2 .4 )
U n d o u b te d ly , S e r i e s  2 o f  t h e  p r e s e n t  t e s t s  e n c o u n te re d  t h i s  p rob lem .
A t o t a l  o f  f o u r t e e n  beam sp e cim en s 101x101x610 mm (n o m in a l)  w ere 
t e s t e d  w ith  v a ry in g  n o tc h  d e p th s  i n  th e  h a n d - ja c k  s e t - u p ,  u s in g  f o u r -  
p o in t  lo a d in g .  The t e s t  s e t - u p  i s  shown p h o to g r a p h ic a l ly  in  
F i g . ' s  4 .8  and 4 .9 .  The m a jo r  and m ino r sp a n s  o f  th e  beams a s  w e l l  
a s  th e  b a s ic  t e s t i n g  a p p a r a tu s  w ere  a l l  a s  i n  S e r ie s  1 ,  and  as p r e s e n te d
i n  d e t a i l  i n  A ppendix  D. The d e f l e c t i o n s  o f  d ie  beam above th e  lo a d in g
p o in t s  w ere  m easured  by th e  LVDT's m ounted  i n  a  r i g  above th e  sp e c im en s . 
The p lu n g e rs  o f  th e  LVDT's w ere  s e c u r e d  to  th e  to p  s u r f a c e  o f  th e  
sp e cim en s ( i . e .  th e  o p p o s i t e  f a c e  to  th e  lo a d in g  f a c e )  and w ere  th e r e f o r e  
u n a f f e c te d  by any  lo c a l i s e d  c ru s h in g  u n d e r  t h e  lo a d  p l a t e n s .  However, 
some e x tra n e o u s  e f f e c t s  m ig h t h av e  b e e n  in tr o d u c e d  by lo c a l  c ru s h in g  
u n d e r  th e  s u p p o r t  p o i n t s ,  s in c e  t h e  LVDT r i g  r e s t e d  o v e r  th e  su p p o r t  
p o i n t s .
(2 ) I n k - S ta in in g  T ec h n iq u e
S e r i s s  2 a l s o  em ployed an  i n k - s t a i n i n g  te c h n iq u e  i n  o r d e r  to  a t te m p t
to  p ro d u c e  a  more a c c u r a te  co m p lia n c .s -n o tc h  d e p th  r e l a t i o n s h i p .  S in ce
th e  beams w ere  lo a d e d  from  b e lo w , tu e  n o tc h e s  w ere  on th e  to p  fa c e s
o f  th e  beams and  t h i s  a llo w ed  th e  n o tc h e s  to  b e  u se d  a s  c o n v e n ie n t
tro u g h s  f o r  th e  in k  d u r in g  th e  s t a i n i n g  p r o c e s s .  The g r e a t  v a r i a b i l i t y
in  r e s u l t s  a s  w e l l  a s  th e  f a c t  t h a t  i t  was v i r t u a l l y  im p o s s ib le  to  
h a l t  th e  c ra c k  in  th e  beam a f t e r  r e a c h in g  th e  c r i t i c a l  peak  lo a d
w ere  t h e r e f o r e  n o t  u se d . N e v e r t h e le s s ,  t h e  p ro c e d u re  o f  th e  m ethod
e x te n s io n  o f  th e  ( .ra ck  f r o n t  From th e  n o tc h  w ith o u t  t o t a l  f a i l u r e  
o c c u r r i n g ,  and th e n  to  a llo w  a  u u i t a b l e  i n k  to  p e n e t r a t e  th e  e x t e n t  o f
( e x c e p t  f o r  5 0 ,8  mm n o tc h e d  beam s) b e c a u se  o f  th e  ' s o f t '  lo a d in g  s e t - u p  
made th e  r e s u l t s  from  th e  s t a i n i n g  p r o c e s s  u n r e p r e s e n ta t i v e ,  and th e y
i s  o u t l i n e d  below  f o r  th o  s a k e  o f  c o m p le te n e s s .
A n o tc h ed  beam i s  c a r e f u l l y  lo a d e d  so  a s  to  a v o id  u n s ta b le  o r  
c a t a s t r o p h i c  c ra c k  g row th  in  th e  beam. The o b je c t  i s  Co p ro d u ce  an
F i s . 4 - 6  G E ^ F & A L  T e s t  S e t -  U p  , S e r i e s  Z
( N o t e  d p a . c i m a - ;  be .if\« j L e a d e d  f r o m  & e  I o w }
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/ H a n d -  J 'ac .k  i s  U h d e r  L o a d  Ce- ll  , o b s c . u r e c i \
t h i s  s lo w  c ra c k  g ro w th , w h ile  th e  beam i s  k e p t  u n d e r  lo a d .  T h ere ­
a f t e r ,  th e  re m a in in g  i n k  i n  th e  n o tc h - t ro u g h  i s  su c k ed  o u t ,  and th e  
beam  i s  u n lo a d e d . The beam i s  th e n  r e - lo a d e d  to  f a i l u r e ,  and th e  p r e ­
v a i l i n g  i n i t i a l  c o m p lia n ce  i s  n o te d .  T h is  c o m p lia n c e  i s  th e n  a t t r i b u t e d  
t o  th e  n o tc h  d e p th  a s  m easu red  a f t e r  f a i l u r e  by th e  e x t e n t  o f  t h e  in k  
p e n e t r a t i o n .  By u s in g  t h i s  m e th o d , a  Yiumber o f  d i s c r e t e  p o in t s  c a n  b e  
p l o t t e d  i n  o r d e r  to  p ro d u ce  a  com p re h en s iv e  c o m p lia n c e -n o tc h  d e p th  
c u rv e ;  The m ethod , ho w ev e r, was n o t  em ployed s u c c e s s f u l ly  f o r  S e r i e s  2 , 
and su b s e q u e n t s e r i e s  show ed t h a t  i t  was a c c e p ta b le  to  u se  th e  t h e o r e t i c a l  
c o m p lia n c e -n o tc h  d e p th  c u rv e  o f  F i g .  3 .3 .  The w ork o f  W elch and 
H aism an15 h a s  a l s o  shown t h a t  th e  p r e v a i l i n g  i n i t i a l  c o m p lia n ce  o f  a  
beam i s  n o t a f f e c t e d  by  th e  ty p e  o f  n o tc h  i n  th e  beam , and i t  i s  th e r e f o r e  
p o s s ib l e  to  p ro d u ce  an  e x p e r im e n ta l  c o m p lia n c e -n o tc h  d e p th  c u rv e  m e re ly  
by p l o t t i n g  th e  i n i t i a l  c o m p lia n ce s  f o r  th e  sp e c im en s  v e r s u s  t h e i r  
n o m in a l i n i t i a l  n o tc h  d e p th s .  (S ee  F i g . ' s  4 .6  and  4 .1 7 )
f i g ,  4 .1 0  shows a  beam d u r in g  th e  i n k - s t a i n i n g  p r o c e s s .  A p e r io d  
o f  a p p ro x im a te ly  tw e n ty  m in u te s  was a llo w e d  f o r  th e  i n k  t o  p e n e t r a t e  
t h e  new ly form ed c ra c k  w h ile  th e  beam was k e p t  u n d e r  lo a d .  G reen  
I n d ia  i n k  a p p ea re d  to  b e  th e  m ost s u i t a b l e  i n k  f o r  s t a i n i n g ,  s in c e  
o th e r  in k s  d id  n o t  p e n e t r a t e  th e  c ra c k  s u f f i c i e n t l y  due  to  t h e i r  
h ig h e r  v i s c o s i t i e s .
(3 ) T e s t  R e s u l t s
The b e n e f i t  o f  S e r ie s  2 was t h a t  i t  c l e a r l y  i n d i c a t e d  t h a t  s t r a i n  r a t e  
and c re e p  e f f e c t s  h av e  a v e ry  s i g n i f i c a n t  e f f e c t  i n  f r a c t u r e  t e a t s  on 
cem en ted  c o n s t r u c t io n  m a t e r i a l s .  I t  was im p o s s ib le  u s in g  th e  h a n d -  
j a c k  to  a p p ly  a  u n ifo rm  s t r a i n  r a t e  d u r in g  a  t e s t ,  n o r  was i t  p o s s ib l e  
to  q u a n t i f y  th e  d i f f e r e n c e  i n  s t r a i n  r a t e s  b e tw ee n  d i f f e r e n t  t e s t s .
The e x c e s s iv e  v a r i a b i l i t y  and s c a t t e r  o f  th e  r e s u l t s  o f  S e r ie s  2 made i t  
v i r t u a l l y  im p o s s ib le  to  s a t i s f a c t o r i l y  a n a ly s e  th e  t e s t s  and e v a lu a te  
th e  E ia a tu r e  p a ra u -s t e r s ,  and f o r  t h i s  r e a s o n ,  th e  o n ly  r e s u l t s  p r e s e n te d  
h e re  a r e  c h a r a c t e r i s t i c  lo a d - d e f l e c t i o n  c u rv e s  from  th e  t e s t s ,  shown 
i n  I fig . 'o  4 .1 1  to  4 .1 3 ,  A lth o u g h  many o f  th e  lo a d - d e f l e c t i o n  c u rv e s  
w ere  u n in t e r p r e t a b l e  i n  te rm s o f  th e  f r a c t u r e  p a ra m e te r s ,  th e y  d id  i n d i c a t e  
t h e  way in  w hich  i n i t i a l  c o m p lia n c e s ,  f a i l u r e  lo a d s  and a r e a s  u n d e r  th e  
l o a d - d e f l e c t i o n  c u rv e s  v a r i e d  w i th  v a ry in g  s t r a i n  r a t e .  A p p aren t 
Y o u n g 's  M oduli a s  low a s  4 to  5 GPa w ere  p ro d u ce d  in  th o s e  beams in  
w h ich  e x c e s s iv e  c re e p  d u r in g  r u n t  p e r io d s  o c c u r re d .  A summary o f  th e
F I g . 4 - 1 0  B>e a m  P U R . I N 6  I n k - S t a i n i n g  P r o c e s s
(A Wax Plug Kaeps tKa %hk in tKe- T ro u g h  )
m ain  c h a r a c t e r i s t i c s  o f  Chase c u rv e s  i s  p r e s e n te d  h e r e : -
F i g .  4 .1 1 T h is  f i g u r e  shows th e  l o a d - d e f l e c t i o n  c u rv e s  o f  two 
un n o tc h ed  beam s, th e  one (c u rv e  A) u s in g  an  a p p ro x im a te ly  c o n s ta n t  
r a t e  o f  lo a d  a p p l i c a t i o n ,  and  th e  o th e r  ( c u rv e  B) a l lo w in g  r e s t  
p e r io d s  d u r in g  th e  lo a d  a p p l i c a t i o n .  E ach  r e s t  p e r io d  was 
a p p ro x im a te ly  one m in u te . The a p p a r e n t  f l e x u r a l  Y oung 's  M odulus, 
ta k e n  from  th e  m ost n e a r ly  s t r a i g h t  p o r t i o n  o f  e a c h  c u rv e ,  was 
6 ,5  GPa f o r  A, and 4 ,6  GPa f o r  B. I n  th e  c a s e  o f  A , th e  
maximum lo a d  was ap p ro a ch e d  w i th  a p p ro x im a te ly  c o n s ta n t  s t r a i n  
r a t e ,  b u t  f o r  B, th e  v a lu e  o f  th e  lo a d  r e p r e s e n te d  by  p o in t  M was 
r e a c h e d , and a  r e s t  p e r io d  to  a l lo w  c re e p  d e f l e c t i o n s  to  o c c u r  was 
commenced. A f t e r  a  s h o r t  p e r io d  ( l e s s  th a n  t h i r t y  s e co n d s)  
o f  s t a b l e  c re e p  d e f l e c t i o n ,  th e  c re e p  r a t e  a c c e l e r a t e d  to  s p o n ta ­
n e o u s  f a i l u r e  w ith o u t  f u r t h e r  lo a d  a p p l i c a t i o n .  No t a i l  p o r t i o n  
t o  th e  l o a d - d e f l e c t i o n  c u rv e  f o r  e i t h e r  o f  t h e  beams c o u ld  be 
r e c o rd e d .
F ig .  4 .1 2  i s  in c lu d e d  i n  o r d e r  t o  show th e  l a r g e  e f f e c t s  o f  c re e p  
on beam d e f l e c t i o n s .  Beam A was lo a d e d  w ith  a p p ro x im a te ly  c o n s ta n t  
s t r a i n  r a t e ,  and when th e  lo a d  a p p l i c a t i o n  was s to p p e d  a t  p o in t  M, 
f i r s t  s t a b l e  and th e n  a c c e l e r a t i n g  c re e p  o c c u r re d  u n t i l  f i n a l  f a i l u r e .  
Beam B was lo a d e d  w i th  a  s lo w  s t r a i n  r a t e  and one m in u te  r e s t  p e r io d s  
a t  i n t e r v a l s .  Beam B a l s o  f a i l e d  due  to  a c c e l e r a t i n g  c re e p  d u r in g  
a  r e s t  p e r io d .  The f a i l u r e  c o m p lia n ce  o f  beam A was 4 ,7  m2/GN, 
w h ile  t h a t  o f  B was 1 0 ,7  m2 '3K. Once a g a in ,  no t a i l  p o r t io n s
to  t h e  c u rv e s  w ere  r e c o rd e d ,  a l th o u g h  t e s t s  i n  S e r ie s  4 h av e  shown 
th a t  a  t a i l  p o r t i o n  d o e s e x i s t  f o r  1 2 ,7  mm n o tc h e d  m o r ta r  beam s.
The in c r e a s e  i n  c o m p lia n ce  o f  th e  beam s d u r in g  lo a d in g  seem s to  be 
a lm o s t t o t a l l y  a t t r i b u t a b l e  r.o c re e p  r a t h e r  th a n  s lo w  c ra c k  g ro w th . 
F ig .  4 .1 3  i s  th e  l o a d - d e f l e c t i o n  c u rv e  f o r  a  5 0 ,8  mm n o tc h e d  beam 
w hich  em ployed th e  i n k - s t a i n i n g  te c h n iq u e .  The p o in t  o f  maximum 
lo a d  was c a r e f u l l y  a p p ro a c h e d , and th e  beam was th e n  l e f t  u n d e r  lo a d  
f o r  a b o u t tw e n ty  m in u te s  a C te r  in k  was in tr o d u c e d  i n t o  th e  n o tc h . 
D u rin g  t h i s  p e r io d ,  th e  c o m p lia n c e  o f  t h e  beam in c r e a s e d  due  to  slow  
c ra c k  g row th  p ro d u ce d  by th e  s to r e d  e l a s t i c  e n e rg y  i n  th e  beam , 
a s  w e l l  a s  c re e p .  A f t e r  tw e n ty  m in u te s ,  th e  re m a in in g  in k  was 
su c k ed  o u t ,  and th e  beam u n lo a d e d . I t  was th e n  r e - lo a d e d  do f a i l u r e ,  
and e x a m in a tio n  o f  th e  beam showed in k  p e n e t r a t i o n  o f  17 to  18 ran 
from  th e  5 0 ,8  mm n o tc h ,  i . u .  a  t o t a l  e f f e c t i v e  c ra c k  d e p th  o f  68 
to  69 mm. The r e - lo a d in g  co m p lia n ce  was 1 8 ,0  nr/G N , w h ile  th e
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F I g  4 . 1 3  L O A D - D E F L E C T !  O N  C u a v e  F O R  A 5"0 ,8  
N o t c h e d  B e a m  E M P u o v t  n o  t i - i e  I n ^
S T A l  N1 N & T g C H N I Q U g ,  S e r i e s  2
i n i t i a l  co m p lia n ce  was 6 ,1  m2 /GN.
H ence, S e r ie s  1 and 2 im m ed ia te ly  i n d i c a t e d . t h a t  b o th  r a t e  o f  lo a d  
a p p l i c a t i o n  d u r in g  a  t e s t ,  and s t i f f n e s s  o f  th e  t e s t i n g  m a ch in e  s e c - u p ,  
w ere  im p o r ta n t  f a c t o r s  i n  f r a c t u r e  t e s t s  on  cem en ted  c o n s t r u c t io n  
m a t e r i a l s .  I n  o r d e r  to  q u a n t i f y  th e s e  two e f f e c t s  more a c c u r a t e l y ,
S e r ie s  3 and 4 o f  th e  la b o r a to r y  te s u  program m e w ere  d e s ig n e d ,  and th e  
d e t a i l s  and  r e s u l t s  a r e  p r e s e n te d  be low .
4 .2 .3  S e r i e s  3 : C o n t ro l l e d  S t r a in - R a te  T e s ts  
S e r i e s  3 o f  th e  la b o r a to r y  t e s t s  w ere  d e s ig n e d  in  o r d e r  to  i s o l a t e  
and  s tu d y  i n  g r e a t e r  d e t a i l  th e  e f f e c t  o f  th e  r a t e  o f  s t r a i n  a p p l ie d  
to  a specim en  d u r in g  a  f r a c t u r e  t e s t ,  on  p a ra m e te r s  su c h  a s  th e  f a i l u r e  
l o a d ,  th e  a p p a r e n t  Y o u n g 's  M oduli and c o m p lia n c e s ,  and th e  f r a c t u r e  
p a ra m e te r s .  A t o t a l  o f  tw e n ty  e ig h t  beams w ere  t e s t e d ,  and  th e  r a t i o  
o f  s t r a i n  r a t e s  s e l e c t e d  f o r  th e  t e s t s  sp an n ed  a  ra n g e  o f  a p p ro x im a te ly  
3 0 0 0 , some t e s t s  ru n n in g  f o r  f o u r  t o  s i x  h o u r s ,  and o th e r s  ta k in g  
o n ly  a  few  se c o n d s . A ll  th e  d e f l e c t i o n  m e asu re m en ts  i n  th e s e  t e s t s , 
a s  w e l l  a s  i n  th e  su b se q u e n t S e r i e s  4 to  6 ,  w ere  m o n ito re d  u s in g  a  
r e d e s ig n e d  d e f l e c t i o n  r i g ,  w h ich  was d i r e c t l y  f i x e d  to  th e  specim en  
a t  i t s  no m in a l n e u t r a l  a x i s ,  and th u s  m easu red  o n ly  th e  t r u e  e l a s t i c  
d e f l e c t i o n  o f  th e  beam u nder lo a d . The r e s u l t s  p r e s e n te d  i n  t h i s  and 
su b se q u e n t s e c t i o n s  c an  p r o b a b ly  b e  r e g a rd e d  a s  v a l id  e s t im a te s  o f  th e  
f r a c t u r e  p a ra m e te r s  o f  th e  m a te r i a l s  u se d  i n  th e  la b o r a to r y  t e s t s .
(1 ) T e s t  S e t-U p  and P ro c e d u re  
S e r ie s  3 was c o n d u c te d  on a  t r i a x i a l  t e s t i n g  m ach ine  (m an u fa c tu red  by 
L eonard  F a r n e l l ) .  T h is  m a ch in e , shown p h o to g r a p h ic a l ly  i n  P ig .  4 .1 4 .  
a llo w e d  c o n t r o l l e d  r a t e s  o f  d e f l e c t i o n  o f  th e  beam s u n d e r  th e  lo a d  
p o in t s  to  b e  c h o sen  by m eans o f  a  g e a r - s e l e c t o r  sy s te m . The m ach ine  
had a  c a p a c i ty  o f  100 kN. P ig .  4 ,1 5  shows th e  d e t a i l e d  s e t - u p  f o r  
S e r i e s  3 ,  w h ile  F i g .  4 .1 6  shows d e t a i l s  o f  th e  im proved  d e f l e c t i o n  
m easu rem en t r i g  and s e t - u p  u se d  f o r  S e r i e s  3 to  6 . A ppendix  D 
c o n ta in s  f u l l  d ia g ra m m a tic  d e t a i l s  o f  th e  d e f l e c t i o n  r i g .  As u s u a l ,  
lo a d  was m easured  by aa  e l e c t r o n i c  lo a d  c e l l ,  and  d e f l e c t i o n  by 
LVDT's s u i t a b l y  m ounted i n  th e  d e f l e c t i o n  r i g ,  and th e  o u tp u ts  w ere  
fe d  i n t o  th e  W atanabe X-Y R e c o rd e r ,  w h ich  was u se d  to  p ro d u c e  a u to g ra p h ic  
r e c o rd in g s  o f  a l l  th e  t e s t s  i n  b . t r ie s  3 . The sp e c im en  d im e n s io n s  and
R < k4-> 4  G £ n i b r a i , T e s t  S e t - U p , 5 e r i B;s 3
u a w o
F l a i l s '  D E T A i L E D T s s r  S e t - U p , S e r i e s . 3
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m ethod  o f  lo a d in g  w ere  i d e n t i c a l  to  S e r ie s  1 , and  a re  a s  s e t  o u t  i n  
S e c . 4 . 2 . 1 ( 1 ) .  The s p e c i f i c a t i o n s  f o r  sp e c im en  d im e n s io n s  a s  s e t
o u t  i n  t h a t  s e c t i o n  a l s o  f u l l y  a p p l ie d  to  th e  beam s in  S e r ie s  3 
w ith  th e  e x c e p tio n  o f  th o s e  beams w h ich  c o n ta in e d  'v e e '- n o t c h e s .
T e s ts  o n  610 ram sp a n  'v e e '- n o t c h  beams in  S e r i e s  1 in d i c a t e d  t h a t  
h a n d l in g  o f  su c h  beams w ith o u t  damr.ge was e x tre m e ly  d i f f i c u l t ,  due to  
th e  h ig h  s t r e s s  c o n c e n t r a t io n  a t  th e  apex  o f  th e  n o tc h . F o r  t h i s  
r e a s o n ,  'v e e '- n o t c h  beams in  S e r ie s  3 w ere  c a s t  i n  350 mm le n g th s  w ith  
a c e n t r a l  n o tc h ,  and t e s t e d  on a  305 mm m a jo r  sp a n  w ith  a  m ino r lo a d in g  
sp a n  o f  101 mm (n o m in a l) . A lth o u g h  su c h  beam s d id  n o t  m eet up w ith  
th e  s p e c i f i c a t i o n s  o f  R e f . 23 , n e v e r th e l e s s  th e  o n ly  p a ra m e te r  b e in g  
so u g h t from  su c h  t e s t a  was y ,  and th e  t o t a l  lo a d  r e q u i r e d  to  f a i l  th e  
sp e c im en  was s m a ll ( l e s s  th a n  3 kN) due to  th e  n o tc h  s h a p e . P ro v id e d  
th e  t e s t  o u tp u t  in d i c a t e d  a  s t a b l e - t y p e  f r a c t u r e ,  th e  t e s t  r e c o rd  was 
a c c e p te d .  How ever, l a t e r  a n a ly s i s  in d i c a t e d  th e  ne ed  to  a d h e re  to  
th e  s p e c i f i c a t i o n s  o f  R e f . 23.
(2) T e s t  R e s u lts
The r e s u l t s  from  th e  t e s t s  f o r  S e r ie s  3 a r e  p r e s e n te d  i n  T ab le  4 .3 ( a )  
and ( b ) . T ab le  4 .3 ( a )  shows th e  r e s u l t s  and a n a ly s i s  o f  th e  lo a d -  
d e f l e c t i o n  c u rv e s  f o r  th o s e  beams w ith  no n o tc h e s ,  o r  w i th  r e c t a n g u l a r  
c a s t - i n  n o tc h e s .  N otch d e p th s  u se d  f o r  S e r ie s  3 w ere  2 5 ,4  mm and
5 0 .8  mm. V a lu es  o f  th e  t o t a l  f r a c t u r e  e n e rg y  Ap a r e  in c lu d e d  in  
T a b le  4 .3 ( a )  o n ly  w here  th e  t r u e  sh a p e  o f  th e  l o a d - d e f l e c t i o n  c u rv e  
c o u ld  be  e i t h e r  a c c u r a t e l y  m e asu re d  by  th e  r e c o r d e r ,  o r  i n f e r r e d  from  
th e  t e s t  r e c o r d .  The t r i a x i a l  t e s t  s e t - u p  was a  r e l a t i v e l y  ' s o f t '  
l o a d in g  sy s te m , and th e  X-Y r e c o r d e r  was t h e r e f o r e  u n a b le  to  r e c o rd  th e  
t a i l  p o r t i o n s  o f  many o f  th e  c u r v e s .  W here th e  t r u e  sh a p e  o f  th e  
l o a d - d e f l e c t i o n  c u rv e s  c o u ld  n o t  b e  i n f e r r e d ,  th e  v a lu e  o f  A^ 5 was 
n o t  e v a lu a te d .  The m ethod o f  f i n d in g  n o tc h -d e p th  r a t i o s  a t  f a i l u r e  
f o r  th e  r e c t a n g u l a r  n o tc h e d  beam s i s  t h a t  s e t  o u t  i n  A ppendix  B.
T a b le  4 .3 ( b )  shows Che r e s u l t s  f o r  t e s t s  on th e  305 mm sp a n  'v e e '- n o t c h  
beam s. N o te  from  T a b le  4 .3 ( a )  t h a t  a s  th e  i n i t i a l  n o tc h -d e p th  r a t i o  
i n c r e a s e s , so  to o  does th e  .slow s t a b l e  c ra c k  g row th  from  th e  n o tc h  
b e f o r e  th e  p o in t  o f  i n s t a b i l i t y  r e p r e s e n te d  by  th e  pe ak  lo a d  i s  re a c h e d . 
T h is  i s  shown by  th e  change  i n  c o m p lia n ce  AL, w hich  in c r e a s e s  a s  th e  
c /d  r a t i o  i n c r e a s e s .  C o m p le te ly  s t a b l e  f r a c t u r e s  w ere  o b ta in e d  f o r
5 0 .8  mm n o tc h e s ,  w h ile  unno tcheti beams e x h ib i te d  c a t a s t r o p h ic  f a i l u r e .
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T a b le  4 .3 ( b )  ' V ee ' B o tc h e s  : R e s u l t s  f o r  S e r ie s  3 :
C o n t ro l l e d  S t r a i n  R a te  T e s ts
i 3
L oaum g  System  
Specim en No, 
(Cube S t r .  MPa
(Vim/sec)
Max. Load 
a t  F a ilu r e
(kN)
F r a c tu r e
E nergy
V s
(Nm)
(3 1 ,4 8 ) 8 ,3 2 ,3 0 3 0 ,4 1 0
S
3 .2 5
(2 9 ,8 7 ) 5 4 ,6  • 2 ,629 0 ,4 1 5
* 3 .2 6
( 3 1 .W )
2 ,7 2,01.8 0 ,2 9 2
(2 9 ,8 7 ) § 0 ,2 1 2 ,364 0 .2 9 1
: (2 9 ,8 7 ) 0 ,1 9 2 ,2 3 2 0 ,3 7 7
'F a s t '  S t r a i n  R a te  > 1 ,0  pm /sec  
'S lo w ' S t r a i n  R a te  < 1 ,0  ym /sec  
A ll  beam s t e s t e d  on 305 mm span
S e m i- s ta b le  f r a c t u r e s  o c c u r re d  f o r  i n te r m e d i a te  n o tc h  d e p th s .  I t  w i l l  
be shown l a t e r  t h a t  th e  u n n o tc h ed  beams u se d  in  th e  p r e s e n t  t e s t s  c o u ld  
o n ly  f a i l  c a t a s t r o p h i c a l l y , f lo ra  a c o n s id e T a tio r i  o£ th e  e f f e c t i v e  f r a c t u r e  
s u r f a c e  e n e rg y  y  o f  th e  m a t e r i a l .  (See  l a t e r  S e c . 4 . 2 . 4 ( 2 ) (c )  and 
F ig .  4 .2 9 ; .
T a b le  4 .4  s e t s  o u t  th e  f r a c t u r e  p a ra m e te r s  e v a lu a te d  f o r  th e  beam s. 
N ote  t h a t  th e  beam r e f e r e n c e  num bers e r e  c o n s i s t e n t  i n  T a b le s  4 .3 ( a )  
and (b) and  T a b le  4 .4 ,  i . e .  beam 3 .1  i n  T a b le  4 .3 ( a )  i s  th e  same as 
beam 3-1  in  T ab le  4 .4 .
Summary c u rv e s  o f  th e  r e s u l t s  and  th e  f r a c t u r e  p a ra m e te r s  a r e  p r e s e n te d  
i n  F i g . ' s  4 .1 7  to  4 .2 2 .  D is c u s s io n  o f  t h e s e  r e s u l t s  r e l e v a n t  t o  t h i s  
c h a p te r  i s  p r e s e n te d  h e r e t -
F i g .  4 .1 7  show s th e  e x p e r im e n ta l ly  d e r iv e d  L /L  v e r s u s  c /d  c u rv e  
f o r  a l l  th o s e  sp e cim en s i n  S e r ie s  3 and  4 t h a t  w ere  t e s t e d  a t  a  
' f a s t '  s t r a i n  r a t e , i . e .  > 1 ,0  pm /sec  ( s e e  l a t e r  F ig .  4 . I S ) .  The . 
f i g u r e  a l s o  shows th e  t h e o r e t i c a l  c u rv e  f o r  v = 0 , l  w h ic h  was u se d  in  
th e  a n a ly s i s  o f  th e  f r a c t u r e  p a ra m e te r s , r e p i  >duced from  F ig .  3 .3 .
O nce a g a in  i t  i s  u b v io u s  t h a t  w h ile  th e  e x p e r im e n ta l  c u rv e  i s  
■ d isp laced  l a t e r a l l y  from  th e  t h e o r e t i c a l  l i n e ,  t h e  s lo p e s  o f  th e  two 
c u rv e s  a re  v e ry  s i m i l a r .  I t  i s  th e r e f o r e  q u i t e  a c c e p ta b le  to  u se  
t h e  t h e o r e t i c a l  c u rv e  a s  a  u n ifo rm  b a s i s  f o r  e v a lu a t in g  th e  f r a c t u r e  
p a ra m e te r s .
F ig .  4 .1 8  show s a  p l o t  o f  b o th  a v e ra g e  Y o u n g 's  M odulus E and  a v e ra g e  
i n i t i a l  u m o tc h e d  c o m p lia n ce  L v e r s u s  s t r a i n - r a t e ,  f o r  th e  u n n o tc h ed  
beam sp e cim en s o f  S e r ie s  3 .  The r e s u l t s  f o r  th e  u n n o tc h ed  beams 
o f  S e r ie s  4 w ere  a l s o  in c lu d e d  i n  o r d e r  to  e v a lu a te  th e  a v e ra g e  E 
and  L f o r  ' f a s t '  s t r a i n  r a t e s .  The e n v e lo p e  show ing  th e  s c a t t e r  of 
r e s u l t s  i s  a l s o  show n. The L c u rv e  i s  p l o t t e d  a s  th e  r e c ip r o c a l  
o f  th e  a v e ra g e  E c u rv e , s i n c e  a  d i r e c t  r e l a t i o n s h i p  e x i s t s  be tw een  
L and E f o r  a n  u n n o tc h ed  beam. Both E and  L a r e  d e r iv e d  from  th e  
s lo p e ,  F / 5 ,  o f  th e  i n i t i a l . s t r a i g h t  l i n e  p o r t i o n  o f  th e  lo a d - d e f l e c ­
t i o n  c u rv e . The r e l a t i o n s h i p  b e tw een  L and E i s : -
w here  S$ = th e  m a jo r  sp a n  ( t h r e e  tim e s  th e  m ino r sp a n )  and I  -- th e
I t  i s  s e e n  t h a t  t h e  c u rv e  l e v e l s  o u t  and a p p ro a c h e s  a  c o n s t a n t  v a lu e
(4 .1 )
second  moment o f  a r e a  o f  th e  beam.
T ab le  4 .4  F r a c tu r e  P a ra m e te rs  f o r  S e r i e s  3 :
C o n t ro l l e d  S t r a i n  R a te  T e s ts
i 4 5
L q ad in g  System  
Specim en No. 
(Cube S t r .
(y m /se c)
Gc
tN/m)
Kc
(MH/m1- 5)
(3 1 ,7 7 ) 15 ,7 8 1 ,3 1 ,2 6 3 6 ,9
3 .2
(3 1 ,7 7 ) 9 ,2 90 ,1 1 ,3 3 4 5 ,8
(31,77) 1 ,7 •s 79 ,7 1 ,2 5 39 ,4
3 .4
(31.77) 0 ,1 8 £ 4 7 ,1 0 ,9 0 27 ,2
3 .5
(31.77) 0 ,1 7 7 7 ,3 1 ,1 4 3 8 ,4
(3 1 ,7 7 ) %
0 ,1 0 72 ,4 1 ,0 9 3 8 ,3
o
3 .7
0 6 . * ) 0 ,0 0 8 3 - - 2 7 ,1
* 3 .8
(3 1 ,1 9 ) 0 ,0 0 7 8 4 1 ,2 0 ,7 3
(2 9 ,5 2 ) 15 ,2 4 6 ,3 0 ,9 0 -
< (3 1 ,7 7 ) 1 1 3 ,3 4 4 ,8 0 ,9 0 -
3 .1 1
(2 9 ,5 2 ) 1 ,6 ■S 3 3 ,8 0 ,7 6 -
3 .1 2
(2 9 ,5 2 ) 0 ,4 5 3 3 ,5 0 ,7 4 -
3 .1
(2 9 ,5 2 ) 0 ,1 6
a 3 5 ,2 0 ,7 2 -
3 .1 4
(2 9 ,5 2 ) 0 ,0 3 7 3 2 ,3 0 ,6 5 -
(31.19) 3 3 ,4 0,-61 3 3 ,3
3 ,1 6
0 ,0 0 5 2 2 8 ,9 0 ,5 5 -
T a b le  4 .4  (C o a t 'd )
3 4 5
3 .1 7
(2 9 ,5 2 )
GC -KC
6 ,4 18*5 4 1 ,2 0 ,8 4 2 8 ,7
. 3.18
(2 9 ,5 2 ) 1 ,2 8 ,7 22.4 0 ,6 2 2 3 ,7
(29,87) ,90 ,038 2 3 ,1 0 ,6 1 1 9 ,6
(2 9 ,8 7 ) ,5 3 ,35 ■3 21.8 0 ,5 8 1 8 ,0
* 3 .2 1
(2 9 ,8 7 ) I ,35 ,0035
s
.1 24.7 0 ,6 1 1 9 ,0
: 3 .2 2(31,48) ,35 1 .3  I s ' 2 0 ,2 0 ,5 6 1 8 ,0
3 .2 3
(31,48) ,07 2|,51 2 8 ,2 0 ,6 1 1 7 ,7
M
3 .2 4
(3 1 ,4 8 ) 8 ,3 - - 4 8 ,3
: (2 9 ,8 7 ) is 4 ,6 - - 4 8 ,9
3 .2 6
(3 1 ,4 8 ) 2 ,7 - - 3 4 ,4
3 .2 7
(29.87) *
o ,21 - . 3 4 ,3
(2 9 ,8 7 ) °19 44,4
'F a s t ’ S t r a i n  R a te  > 1 ,0  tu n /s ec  
'S lo w ' S t r a i n  Race < 1 ,0  ym /sec
*■* V ,| I U ,5  1^ 4 . v ,4 s  I s /
i\] o b c h  D e p b l - i  R . o ' t r i o  o / j  
F i g . 4 . 1 7  T i - i e o f e E T i c a l .  a n d  E x P B R i M g N r A i -  C o M P t i A N C g -  
N o t c h  D s p t h  C u r v e  p o r .  ' P a s t '  T e s r s
O F  s  E  R.I E S  3  A N D  4 -
l n P ° W
F"l<3' 4-f8 E  AND L0 V E R S U S  STRAIN R .AT E ,  S E R I E S  3 ^ 4-
o f  E f o r  s t r a i n  r a t e s  g r e a t e r  th a n  a b o u t 1 ,0  jim /se c . T h is  i s  th e  
b a s i s  f o r  d e f in i n g  a  ' f a s t '  s t r a i n  r a t e  a s  b e in g  a  s t r a i n  r a t e  
g r e a t e r  th a n  1 ,0  y m /s e c , and a l l  t e s t s  w i th  a  s t r a i n  r a t e  g r e a t e r  
th a n  1 ,0  pm /sec  h av e  had  th e  f r a c t u r e  p a ra m e te r s  e v a lu a te d  u s in g  
th e  a v e ra g e  v a lu e s  o f  E and L d e r iv e d  fro m  ' f a s t 1 t e s t s  on un­
n o tc h e d  beam s. T hese  a v e ra g e  v a lu e s  a r e : -  
E = 2 0 ,0  GPa
Lq = 2 ,0  m2/GN (G Pa"4
T hose  t e s t s  w ith  s t r a i n  r a t e s  l e s s  th a n  1 ,0  ym /sec  had th e  f r a c t u r e  
p a ra m e te r s  e v a lu a te d  u s in g  th e  tim e -d e p e n d e n t  v a lu e s  o f  E and L 
f o r  t h e i r  p a r t i c u l a r  s t r a i n  r a t e .  T hese  v a lu e s  o f  E and  L w ere 
r e a d  o f f  d i r e c t l y  from  th e  a v e ra g e  c u rv e s  o f  F ig .  4 .1 8 ,  The ra n g e  
o f  E v a lu e s  e n c o u n te re d  f o r  th e  t e s t s  i n  S e r i e s  3 was from  a s  low 
a s  1 0 ,4  GPa f o r  a  's l o w ' t e s t  t o  a s  h ig h  a s  1 9 ,7  GPa f o r  a  ' f a s t '  
t e s t .  E v a lu e s  f o r  th e  ' f a s t ' t e s t s  o f  S e r i e s  4 w ere a s  h ig h  a s
O th e r  i n v e s t i g a t o r s  do n o t  seem  to  have  e n c o u n te re d  a ry  s i g n i f i c a n t  
e f f e c t s  in tr o d u c e d  by  th e  s t r a i n  r a t e  d u r in g  a t e s t .  Brown17 s t a t e d  
t h a t  s u b s t a n t i a l  v a r i a t i o n s  o f  lo a d in g  r a t e  had a  n e g l i g i b l e  e f f e c t  
upon  th e  l o a d - d e f l e c t i o n  p l o t s  f o r  h i s  t e s t s .  H ow ever, h e  o b ta in e d  
th e  u n n o tc h ed  c o m p lia n c e  Lq f o r  h i s  beams u s in g  a  lo a d in g  r a t e  o f  
a b o u t 5 y m /s e c , and th e  lo w e s t  lo a d in g  r a t e  h e  u se d  was a b o u t 
0 ,5  y m /sec . P ig .  4 .1 8  show s t h a t  w i th in  t h i s  ran g e  o f  s t r a i n  r a t e s ,  
any s i g n i f i c a n t  r e d u c t io n  i n  L o r  E f o r  th e  s lo w e r  s t r a i n  r a t e s  
w ould n o t  b e  s e e n  a s  a  d i s t i n c t  e f f e c t  w i th in  th e  l i m i t s  o f  e x p e r i ­
m e n ta l v a r i a t i o n  o f  th e  r e s u l t s .  H ence , i t  seems r e a s o n a b le  to  
assum e t h a t  n o s t  r e p o r te d  f r a c t u r e  t e s t s  on cem ented  m a te r i a l s  
h a v e  used  ' f a s t '  s t r a i n  r a t e s  f o r  t e s t i n g ,  and th e r e f o r e  no s i g n i ­
f i c a n t  e f f e c t s  o f  s t r a i n  r a t e  upon f r a c t u r e  p a ra m e te r s  lu".>e be en  
n o t i c e d .  N e v e r t h e l e s s , F i g .  4 .1 8  show s v e ry  c l e a r l y  th e  e f f e c t  
o r  s t r a i n  r a t e  on E and L .
F ife, 4 .1 9 ( a )  and (b) show s th e  e f f e c t  o f  s t r a i n  r a t e  on th e  f a i l u r e  
lo a d  f o r  a l l  th e  beam s t e s t e d  i n  S e r i e s  3 and 4 . T h is  c u rv e  i s  
d e r iv e d  from  T ab ic  4 .3 ( a )  and (b) f u r  S e r i e s  3 ,  and T a b le s  4 .5  
to  4 .7  f o r  S e r ie s  -i. N o te  t h a t  th e  t e s t s  i n  S e r ie s  4 w ere  a l l  
' f a s t '  t e s t s .  The a v e ra g e  c u rv e  i s  show n a s  w e l l  a s  th e  l i m i t i n g  
e n v e lo p e s  i n  o r d e r  to  show th e  s c a t t e r  o f  r e s u l t s .  The f a i l u r e
99
lo a d s  o f  Che u n n o tc h ed  beams w ere  more a f f e c t e d  by  s t r a i n  r a t e  th a n  
th e  f a i l u r e  lo a d s  o f  th e  n o tc h e d  beam s. The 'v e e ' - n o t c h  beams 
e x h i b i t  no d e f i n i t e  t r e a d  o f  f a i l u r e  lo a d  w i th  s t r a i n  r a t e .  The 
c u rv e s  a l s o  i n d i c a t e  c l e a r l y  th e  e f f e c t  o f  th e  s t r e s s  c o n c e n t r a t io n  
a t  th e  r o o t s  o f  th e  n o tc h e s  on th e  f a i l u r e  lo a d  o f  th e  beam s.
T he c r o s s - s e c t i o n  o f  th e  5 0 ,3  mm n o tc h e d  beem s was 50 p e r  c e n t  
. o f  t h a t  o f  th e  u n n o tc h ed  beam s, b u t  th e  r a t i o  o f  th e  a v e ra g e  f a i l u r e  
lo a d s  f o r  ' f a s t '  r a t e s  was o n ly  17 p e r  c e n t .  The 'v e e '- n o t c h  
beam s e x h i b i t  a h ig h e r  f a i l u r e  lo a d  th a n  th e  5 0 ,8  mm n o tc h e d  beams 
d u e  to  th e  f a c t  t h a t  th e y  w ere  t e s t e d  on a  s h o r t e r  305 mm sp a n , 
C h a r a c t e r i s t i c  l o a d - d e f l e c t i o n  c u rv e s  f o r  th e  u n n o tc h ed  and r e c t a n g u l a r -  
n o tc h e d  beams i n  S e r ie s  3 a r e  n o t  p r e s e n t e d , b e c a u s e  th e  t r u e  sh a p e  o f  
t h e s e  c u rv e s  a f t e r  th e  p o in t  o f  u n s t a b l e  c ra c k  p r o p a g a t io n  was o f t e n  
u n o b ta in a b le  on th e  W atanabe X-Y r e c o r d e r .  T h is  was b e c a u se  th e  
t r i a x i a l  t e s t  s e t - u p  was a  much ' s o f t e r '  t e s t i n g  m ach ine  sy s te m  th a n  
t h a t  u se d  f o r  S e r i e s  4 .  The beams o f  S e r ie s  3  te n d e d  to  f r a c t u r e  more 
c a t a s t r o p h i c a l l y  th a n  th o s e  o f  S e r ie s  4 ,  s in c e  th e  s t r a in - e n e r g y  s to r e d  
in  th e  t r i a x i a l  s e t - u p  w as g r e a t e r  th a n  t h a t  s t o r e d  in  th e  s e t - u p  f o r  
S e r i e s  4 , T h is  a l s o  made i t  d i f f i c u l t  to  e v a lu a t e  a c c u r a t e l y  th e  
t o t a l  e n e rg y  o f  f r a c t u r e  g ,  r e p r e s e n te d  by th e  a re a  u n d e r  th e  lo a d -  
d e f l e c t i o n  c u rv e s .  F i g . ' s  4 .1 1  and  4 ,1 2  p r e s e n te d  p r e v io u s ly  have 
i n d i c a t e d  th e  e f f e c t  t h a t  s t r a i n  r a t e  can  h av e  on  th e  sh a p e  o f  th e  lo a d -  
d e f l e c t i o n  c u r v e s . T ru e  sh a p e s  o f  th e  l o a d - d e f l e c t i o n  c u rv e s  f o r  th e  
v a r io u s  r e c ta n g u l a r - n o t c h e d  beams a r e  p r e s e n te d  l a t e r  i n  F ig .  4 .2 7 .
F ig .  4 .2 0  shows a c h a r a c t e r i s t i c  l o a d - d e f l e c t i o n  c u rv e  f o r  a 
305 iran sp a n  'v e e '- n o t c h  beam o f  S e r ie s  3 .  (S pecim en 3 .2 6  o f  
T a b le  4 . 3 ( b ) .} The 'v e e '- n o t c h  beams f r a c t u r e d  in  a s t a b l e  m anner 
due to  th e  h ig h  s t r e s s  c o n c e n t r a t io n  a t  th e  r o o t  o f  th e  n o tc h .
I t  i s  s e e n  t h a t  a s  th e  c ra c k  grow s i n i t i a l l y ,  th e  specim en  a c t u a l l y  
g e ts  s t i f f e r  a s  shown by th e  i n c r e a s e  i n  s lo p e  o f  th e  c u rv e  n e a r  
th e  b e g in n in g .  As th e  c ra c k  grows in  d e p th ,  so  th e  c ra c k  f r o n t  
in c r e a s e s  i n  w id c h , c a u s in g  th e  sp e c im en  to  becom e s t i f f e r  b e fo r e  
th e  p o in t  o f  maximum lo a d  i s  a p p ro a c h e d . The c ra c k  w id th  c o n tin u e s  
to  i n c r e a s e  a s  th e  c ra c k  grow s , and a  s t a b l e - t y p e  f r a c t u r e  i s  p ro d u c e d . 
The v a r i a c i o n  o f  G , K and y  w ich  i n i t i a l  n o tc h -d e p th  r a t i o  f o r  ' f a s t '  
s t r a i n  r a t e s  i s  p r e s e n te d  in  a l a t e r  s e c t i o n  (See  S e c . 4 .2 .4 ( 2 )  (c)), 
w here  th e  r e s u l t s  f o r  S e r ie s  3 and  4 a r e  com bined i n  F i g . ' s  4 .2 8  and 
4 .2 9 .  T hese  f i g u r e s  u se  th e  r e s u l t s  i n  T a b le  4 .4  and in  th e  l a t o r  
T a b le  4 .8 .
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Fig . 4 . a o  C h a r a c t e r i s t i c  L o a d - D e f l e c t i  o n  
C U R V E  F O R .  A ' V e e ' N o t c h  B e a m (3 Q 5  
mm~ S p a n ), S e r i e s  3
F i g .  4 .2 1 ( a )  and (b ) shows th e  v a r i a t i o n  o f  G and  K w i th  s t r a i n  
r a t e ,  f o r  th e  u n n o tc h ed  beams and th e  2 5 ,4  mm n o tc h e d  beam s o f  
S e r i e s  3 and 4 . N ote  t h a t  a l l  th e  beams i n  S e r ie s  4 w ere  t e s t e d  
a t  a  ' f a s t '  s t r a i n  r a t e .  The f r a c t u r e  p a ra m e te r s  w ere  e v a lu a te d  
u s in g  th e  tim e -d e p e n d e n t  v a lu e s  o f  E and L f o r  s t r a i n  r a t e s  l e s s  
th a n  1 ,0  jim /se c , and th e  av e ra g e  v a lu e s  from  ' f a s t '  t e s t a  f o r  s t r a i n  
r a t e s  g r e a t e r  th a n  1 ,0  y m /s e c . The d ia g ra m s show th e  a v e ra g e  c u rv e s  
f o r  G and K as w e l l  a s  th e  l i m i t i n g  e n v e lo p e s . I t  i s  e v id e n t  t h a t  
a  l a r g e  s c a t t e r  o f  t e s t  r e s u l t s  o c c u r re d .  H ow ever, th e  f r a c t u r e  
p a ra m e te r s  show a  g e n e r a l  t r e n d  o f  in c r e a s in g  w i th  in c r e a s in g  s t r a i n  
r a t e ,  d e s p i t e  th e  f a c t  t h a t  th e  tim e -d e p e n d e n t  Y o u n g 's  M odulus and 
u n n o tc h ed  c o m p lia n c e  w ere  u se d  in  t h e i r  e v a lu a t io n .  The c u rv e s  
a l s o  show a  m arked d ro p  i n  th e  v a lu e s  o f  G and  K f o r  th e  2 5 ,4  mm 
n o tc h e d  beam s i n  c o m p ar iso n  to  th e  u n n o tc h ed  beam s. T h is  i s  
. s c u s s e d  l a t e r  i n  S e c t io n  4 .2 .4 ( 2 )  ( c ) . The a v e ra g e  v a lu e s  o f  
G and K f o r  th e  ' f a s t '  t e s t s  a r e  shown i n  P ig .  4 .2 1 ,  and i t  i s  
c l e a r  t h a t ,  f o r  th e  m o r ta r  beams t e s t e d  h e r e ,  th e  f r a c t u r e  to u g h n e ss  
c an  b e  c o n s id e r a b ly  r e d u c e d  a s  th e  t o t a l  tim e  o f  lo a d in g  i n c r e a s e s .  
F i g .  4 .2 2  shows th e  p l o t  o f  y  v e r s u s  s t r a i n  r a t e ,  f o r  th e  5 0 ,8  mm 
n o tc h e d  beam s, and th e  'v e e '- n o t c h  beam s. R e s u l t s  from  S e r ie s  3 
a cd  4 a r e  in c lu d e d .  T h is  f i g u r e  i s  d e r iv e d  from  T a b le s  4 ,4  and 
4 .8 .  R e s u l t s  o f  y  f o r  2 5 ,4  mm n o tc h e d  beam s a r e  n o t  in c lu d e d  
d u e  to  th e  la c k  o f  r e s u l t s  f o r  's l o w ' t e s t s  on th e s e  beam s. I n  
a d d i t i o n ,  r e s u l t s  f o r  u n n o tc h ed  beam s a r e  n o t  in c lu d e d  due  to  th e  
f a c t  t h a t  y  i s  u s u a l ly  o v e re s t im a te d  when e v a lu a te d  from  a t e s t  
on  an  un n o tc h ed  beam . T h is  i s  d i s c u s s e d  more f u l l y  i n  l a t e r
S e c t io n  4 .2 .4 ( 2 )  ( c )  . F ig . 's  4 .2 2  and 4 .2 1  i n d i c a t e  t h a t ,  f o r  th e
5 0 ,8  mm and 'v e e '- n o t c h  beams p l o t t e d ,  y  i s  n o t  a s  a f f e c t e d  by 
s t r a i n  r a t e  a s  a r e  and K . I t  i s  d i f f i c u l t  t o  i n f e r  a g e n e r a l  
t r e n d  o f  y  w ith  s t r a i n  r a t e  fro m  F i g .  4 .2 2 ,  due  f i r s t l y  t o  th e  f a c t  
t h a t  o n ly  a  few t e s t  r e s u l t s  w ere  a v a i l a b l e ,  ana s e c o n d ly  b e c a u se  
th e  p l o t t e d  v a lu e s  show no g r e a t  v a r i a t i o n  w i th  s t r a i n  
More t e s t s  w ould  b e  r e q u i r e d  to  c o n f id e n t ly  d e f in e  th e  a c tu a l  
v a r i a t i o n  o f  y  w i th  s t r a i n  r a t e .
A verage  v a lu e s  o f  th e  f r a c t u r e  p a ra m e te r s  K and y ,  and  how th e s e  
a r e  r e l a t e d ,  a r e  d is c u s s e d  l a t e r  i n  S e c . 4 . i . 4 ( 2 ) ( c ) .
° H A n ) O0 CD c ’- i f - o - i i s  ^
F l G .4 - •  2 . i ( a l  G c  A N D  K &  V E R S U S  S T R A I N  ^ A T E , S g R I E S  3  f  4 .
k n o  | ' s - i n
M n )
Fig. 4..21 (b) Gc andKc VE&sus S t r m n  R a te ,  S e .r ie :s  3 ^ 4
i ^ - u g  vi I'Duq.g
f
o
s
s
/u
j^
) 
's^
-o
-y
 
vi 
i-o
-ia
c
O'OI 
x 
; 
o'l 
Ol'O 
IG'O
(w/ n)"* X ‘ * 3 x iJ^ n « g
R G . 4 ^ 2  /  v e r s u s  S t r a i m  ^ a t e ,  S e r i e s  ^  a n d 4
R
.o
-t
e
. 
1,0 
( 
U
rn
/s
e
.c
)
4 .2 .4  S e r ie s  4 : T e s ts  w i th  S t i f f e n e d  M achine
S e r i e s  4 o f  th e  la b o r a to r y  t e s t  p rog ram  was d e s ig n e d  when i t  was r e a l i s e d  
f ro m  th e  p r e c e d in g  s e r i e s  t h a t  th e  s t i f f n e s s  o f  th e  lo a d in g  m achine  
sy s te m  c o u ld  h av e  a  p ro fo u n d  e f f e c t  on th e  f r a c t u r e  b e h a v io u r  o f  a 
n o tc h e d  beam , p a r t i c u l a r l y  on  th e  p o s t - c r a c k in g  b e h a v io u r  a f t e r  th e  
o n s e t  o f  u n s ta b le  c ra c k  p r o p a g a t io n .  The b a s i c  f a c t o r  to  b e  c o n s id e r e d  
h e re  i s  th e  s t r a i n  e n e rg y  s to r e d  in  th e  m ach ine  sy s te m  a t  th e  c r i t i c a l  
p o i n t  o f  f a i l u r e ,  and Lhe b a la n c e  b e tw een  th e  s t r a i n  e n e rg y  in  th e  sy s te m  
and  th e  s t r a i n  e n e rg y  s to r e d  e l a s t i c a l l y  i n  th e  beam a t  f a i l u r e .  I f  th e  
e n e rg y  s to r e d  i n  th e  m ach ine  sy s te m  can  be m in im ise d , th e n  a m ore s t a b l e  
ty p e  o f  f r a c t u r e  can  b e  o b ta in e d .  T h is  a l lo w s  th e  t r u e  sh a p e s  o f  th e  
l o a d - d e f l e c t i o n  c u rv e s  to  b e  r e c o rd e d .  I f ,  h o w ev e r, a  l a r g e  am ount o f  
e n e r g y , r e l a t i v e l y  s p e a k in g ,  i s  s to r e d  i n  th e  m a ch in e  sy s te m  a t  th e  
c r i t i c a l  p o in t  o f  u n s t a b l e  c ra c k  p r o p a g a t io n ,  th e n  t h i s  e n e rg y  c an  be  
fe d  b a c k  in to  th e  specim en  d u r in g  f a i l u r e ,  c a u s in g  a  l e s s  s t a b l e  ty p e  
o f  f r a c t u r e  to  o c c u r  due to  th e  e x c e s s  o f  e n e rg y  a v a i l a b l e  i n  th e  
m a ch in e /sp e c im en  sy s te m  to  p ro d u c e  f r a c t u r e .  A l l  o f  th e  n o tc h e d  beams 
s tu d i e d  i n  th e  p r e s e n t  t e s t s  had i n s u f f i c i e n t  e l a s t i c  e n e rg y  s to r e d  in  
them a t  th e  p o in t  o f  f a i l u r e  to  p ro d u c e  a  c a t a s t r o p h ic  f r a c t u r e ,  b u t  i f  
e n e rg y  was f e d  b a c k  in to  th e  beam from  th e  m ach ine  d u r in g  th e  p e r io d  
o f  f a s t  c ra c k  p r o p a g a t io n ,  th e n  a  c a t a s t r o p h ic  f r a c t u r e  c o u ld  b e  p ro d u c e d . 
S t i f f e n i n g  up th e  m ach ine  lo a d in g  sy s te m  e n s u re s  t h a t  th e  f a i l u r e  lo a d  
o f  th e  specim en  i s  a  s m a ll  p r o p o r t io n  o f  th e  t o t a l  m ach ine  lo a d  c a p a c i ty ,  
and  p r e v e n ts  th e  lo a d in g  h e a d s  o f  th e  m ach ine  fro m  'f o l l o w i n g - u p ' when 
th e  lo a d  on th e  specim en  s u d d e n ly  d ro p s  o f f  d u r in g  f a s t  c ra c k  p r o p a g a t io n .  
I n  g e n e r a l ,  th e  p r e s e n t  t e s t s  showed t h a t  a  h y d r a u l i c  t e s t i n g  sy s te m  
was b e t t e r  th a n  a  m e c h a n ic a l sy s te m . The h y d r a u l i c  sy s te m  c o u ld  n o t  
'f o l l o w - u p ' th e  sp e c im en  d e f l e c t i o n  d u r in g  f a i l u r e  a s  q u ic k ly  a s  c o u ld  
th e  m e c h a n ic a l sy s te m s .
A t o t a l  o f  tw e n ty  f o u r  n o tc h e d  and u n n o tc h ed  beams w ere  t e s t e d  f o r  
S e r ie s  4 .  A l l  th e  s t r a i n  r a t e s  u se d  f o r  th e  t e s t s  w ere  ’ f a s t ' ,  i . e .  th e  
lo a d in g  r a t e  on  th e  sp e c im en  was g r e a t e r  th a n  1 ,0  y m /sec . T h is  m eant 
t h a t  th e  a v e ra g e  v a lu e s  o f  E and L a s  shown in  F i g .  4 .1 8  c o u ld  be 
u se d  f o r  a n a ly s i s  o f  th e  r e s u l t s  and  e v a lu a t io n  o f  th e  f r a c t u r e  p a ra ­
m e te r s .  (The r e s u l t s  o f  u n n o tc h ed  beams in  S e r ie s  4 a r e  in c lu d e d  in  
F i g .  4 .1 8 ) .  I n  a d d i t i o n ,  th e  ' f a s t '  s t r a i n  r a t e s  u se d  w ould h av e  no 
s i g n i f i c a n t  e f f e c t  on th e  r e s u l t s  o f  S e r ie s  4 , F i n a l l y ,  i t  s h o u ld  be
n o te d  t h a t  th e  d e f l e c t i o n  m e asu rem en ts  f o r  S e r i e s  4 w ere  m o n ito re d  
c o r r e c t l y  u s in g  th e  new ly  d e s ig n e d  d e f l e c t i o n  r i g .
(1 ) T e s t  S e t-U p  and P ro c e d u re  
The M adklow -Sm ith h y d r a u l i c  t e s t i n g  m ach ine  u se d  p r e v io u s ly  f o r  S e r ie s  1 
was s e l e c t e d  a s  th e  m ost s u i t a b l e  m ach ine  t h a t  c o u ld  b e  s t i f f e n e d  up 
f o r  th e  t e s t s  o f  S e r ie s  4 . D i f f e r e n t  m ach ine  s t i f f n e s s e s  w ere  o b ta in e d  
by  m o d ify in g  th e  b a s i c  s e t - u p ,  w h ic h  was t h a t  o f  a  s t e e l  I-b e am  (RSJ) 
in c lu d e d  in  s e r i e s  b e tw een  th e  t e s t i n g  h e a d s  o f  th e  m ach ine  and m o r ta r  
beam sp e c im en . The t e s t  s e t - u p ,  w ith  a 200x100 mm I-b e am  b e in g  u s e d , 
i s  shown p h o to g r a p h i c a l ly  i n  F ig .  4 .2 3 .  The b a s i c  t e s t  s e t - u p  i s  
shown in  d e t a i l  i n  F ig .  4 .2 4 .  The sp a n  o f  th e  I-b e am  was 0 ,7 5  m.
I n  o r d e r  to  v a ry  th e  s t i f f n e s s  o f  th e  lo a d in g  s y s te m , t h r e e  I-beam s 
o f  n o m in a l s i z e  150x75 mm, 200x101 and 250x125 mm w ere  s e l e c t e d  
f o r  in c lu s io n  i n  th e  t e s t  s e t - u p .  - ilo w ed  th e  lo a d  r a t i o  a t  f a i l u r e ,
d e f in e d  a s  th e  maximum sp e c im en  Ir- .. Lure d iv id e d  by th e  t o t a l
lo a d  on th e  m ach ine  a t  f a i l u r e ,  t^  v a r i e d  from  a b o u t 2 p e r  c e n t 
to  13 p e r  c e n t .  Some sp e c im en s  w ere  t e s t e d  w ith o u t  any I-beam  
s t i f f e n e r s ,  and th e  lo a d  r a t i o  f o r  su c h  a c a s e  was 100 p e r  c e n t .
Tow ards th e  end o f  th e  t e s t s  i n  S e r ie s  4 ,  i t  was r e a l i s e d  t h a t  
s u f f i c i e n t  e n e rg y  m ig h t b e  s to r e d  a t  f a i l u r e  i n  th e  lo a d in g  r i g ,  w hich  
c o m p rised  a 2 5 ,4  mm deep  s o l i d  s e c t i o n ,  to  p r e v e n t  th e  o c c u r re n c e  o f  
a  more s t a b l e  ty p e  o f  f r a c t u r e  i n  th e  b e am s. I t  w as th e r e f o r e  d e c id e d  
to  i n c r e a s e  th e  s e c t i o n  o f  th e  1 . ’.d in g  r i g  t o  5 0 ,8  mm d e e p , th u s  
s t i f f e n i n g  i t  up by a f a c t o r  o f  a b o u t e i g h t .  A few  t e s t s  w ere  th e n  
ru n  on 1 2 ,7  mm and 2 5 ,4  mm n o tc h e d  beams to  p ro v id e  a c o m p ariso n  w ith  
p r e v io u s  t e s t s  w h ich  d id  n o t  em ploy th e  s t i f f e n e d  lo a d  r i g .  A ppend ix  D 
g iv e s  f u l l  d e t a i l s  o f  b o th  th e  o r i g i n a l  and th e  m o d if ie d  lo a d in g  r i g .
The t e s t s  o f  S e r ie s  4 w ere  m o n ito re d  u s in g  e i t h e r  th e  W atanabe 
X-Y r e c o r d e r ,  o r  th e  N .E .P . U l t r a - V i o l e t  r e c o r d e r .  The u s e  o f  th e  
U.V. r e c o r d e r  a llo w e d  th e  t r u e  l o a d - d e f l e c t i o n  c u rv e s  o f  th e  beams to  
be o b ta in e d ,  s i , i c e  th e  r e c o r d e r  c o u ld  r e sp o n d  s u f f i c i e n t l y  to  th e  t r a n ­
s i e n t  e f f e c t s  f o l lo w in g  f a i l u r e .  A p h o to g ra p h  o f  th e  N .E .P . U.V. -
r e c o r d e r  i s  shown in  F ig .  4 .2 5 .  The ty p e  o f  beam  sp e cim en s u s e d , and
th e  lo a d in g  s p a n s , w ere  a s  i n  S e r ie s  1 . U nnotched  and r e c t a n g u l a r -  
n o tc h e d  beams w ere  t e s t e d  i n  S e r i e s  4 ,  and th e  n o m in a l n o tc h  d e p th s  
u se d  w ere  1 2 ,7  nnn, 2 5 ,4  mm anti 5 0 ,8  mm. The X-Y r e c o r d e r  was a b le  
to  f a i t h f u l l y  r e c o r d  th e  l o a d - d u f l e c t i o n  c u rv e s  f o r  th e  2 5 ,4  mm and 
5 0 ,8  mm n o tc h e d  beam s, p r o v id e d  th e  lo a d  r a t i o  was l e s s  th a n  a b o u t
Fi&. 4 .2 3  G E N E R A L  T e s t  S e t - U p ,  S e r i e s  4 .
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5 p e r  c e n t .  H ow ever, when th e  s t i f f e n e d  lo a d  s p r e a d e r  r i g  was u s e d , 
a  d i s t i n c t l y  m ore s t a b l e  ty p e  o f  f r a c t u r e  o c c u r re d ,  a l lo w in g  even
1 2 ,7  mm n o tc h e d  beams to  b e  r e c o rd e d  on th e  X-Y r e c o r d e r .  When th e  
m ach ine  sy s te m  was u n s t i f f e n e d ,  th e  X-Y r e c o r d e r  was u n a b le  to  f a i t h ­
f u l l y  re c o rd  th e  l o a d - d e f l e c t i o n  c u rv e s  o f  a l l  e x c e p t  th e  5 0 ,8  mm 
n o tc h e d  beam s. U s u a l ly ,  th e  r e c o r d e r  was a b l e  to  p ic k  up th e  e x tre m ity  
o f  th e  t a i l  p o r t i o n  o f  th e  c u rv e  ( s e e  F ig .  3 . 5 ) ,  h u t  th e  i n te r m e d ia te  
sh a p e  o f  th e  c u rv e  a f t e r  f a i l u r e  w as l o s t .  T h is  in te r m e d i a te  p o r t i o n  
r e p r e s e n te d  th e  p e r io d  o f  r a p id  c ra c k  p r o p a g a tio n .
(2 ) T e s t  R e s u l t s
( a )  C o n s ta n t  2 5 ,4  mm I n i t i a l  N otch  D ep th ; D i f f e r e n t  
M achine S t i f f n e s s e s
The f i r s t  g roup  o f  t e s t s  i n  S e r i e s  4 a t te m p te d  to  show t h a t  th e  d e g re e  
o f  c a t a s t r o p h ic  f a i l u r e  o f  a n o tc h e d  sp e c im en  was in f lu e n c e d  by  th e  
d e g re e  o f  t e s t i n g  m ach ine  s t i f f n e s s .  The X-Y p l o t t e r  was u se d  f o r  
t h i s  g roup  o f  t e s t s .  The r e s u l t s  o f  th e  t e s t s  a r e  p r e s e n te d  in  
T a b le  4 .5 .  I t  i s  m o st i n s t r u c t i v e ,  how ever, to  exam ine th e  lo a d -  
d e f l e c t i o n  c u rv e s  o b ta in e d  f o r  th e  2 5 ,4  mm n o tc h e d  beams w i th  d i f f e r e n t  
m ach ine  s t i f f n e s s e s .  T h ese  c u rv e s  a r e  p r e s e n te d  i n  F ig .  4 .2 6 ; -
E ach  c u rv e  shows s c h e m a t ic a l ly  i n  o u t l i n e  th e  t r u e  lo a d - d e f l e c t i o n  
c u rv e  f o r  a  2 5 ,4  mm n o tc h e d  beam  ( o b ta in e d  from  t e s t s  d e s c r ib e d  
l a t e r . )  Superim posed  on Che t r u e  o u t l i n e  i s  an  i n d i c a t i o n  o f  th e  
a c tu a l  c u rv e s  t h a t  w ere  r e c o rd e d  by th e  W atanabe X-Y p l o t t e r ,  f o r  
th e  p a r t i c u l a r  m ach ine  s t i f f n e s s  u s e d . C urve  A r e f e r s  to  an 
u n s t i f f e n e d  sy s te m , c u rv e  B to  a 150x75 mm I-b e am  s t i f f e n e d  sy s te m , 
c u rv e  C to  a  200x100 mm I-b e am  s t i f f e n e d  sy s te m , and c u rv e  D to  a 
250x125 mm I-b e am  s t i f f e n e d  sy s te m . I t  i s  c l e a r l y  s e e n  t h a t  a s  
t h e  m ach ine  sy s te m  i s  s t i f f e n e d  up , so  th e  X-Y p l o t t e r  can more 
e a s i l y  r e c o rd  th e  t r u e  sh a p e  o f  t h e  l o a d - d e f l e c t i o n  c u rv e , 
i n d i c a t in g  t h a t  a  m ore s t a b l e  ty p e  o f  f r a c t u r e  h a s  b e e n  p ro d u ce d ,
From l a t e r  t e s t s  in  g ro u p s  (b ) and ( c ) , i t  seem s v e ry  p o s s ib l e  t h a t  a 
c o m p le te ly  s t a b l e  ty p e  o f  f r a c t u r e  c o u ld  have  be en  o b ta in e d  on a  2 5 ,4  mm 
n o tc h e d  beam i f  th e  m o d if ie d  s t i f f e n e d  lo a d  s p r e a d e r  r i g  had  b e e n  u se d  
i n  c o n ju n c t io n  w ith  th e  250x125 mm I-b e am . The p o r t i o n  o f  th e  lo a d -
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d e f l e c t i o n  c u rv e  a f t e r  th e  p e a k  i s  p ro fo u n d ly  a f f e c t e d  by  th e  s t r a i n  
e n e rg y  l e v e l  i n  th e  sp e c im en  and th e  lo a d in g  sy s te m  a t  th e  p e a k  lo a d ,  
and th e  spe c im en /m ac h in e  i n t e r a c t i o n  a s  th e  lo a d  d ro p s  o f f ,  i . e .  w h e th e r  
th e  m ach ine  f e e d s  e n e rg y  b a c k  i n t o  th e  sp e c im en  o r  n o t .  I n  th e  un­
s t i f f e n e d  sy s te m , th e  m ach ine  and lo a d  r i g  a r e  f e e d in g  e n e rg y  bo ck  in to  
th e  specim en  d u r in g  f a i l u r e ,  and p ro m o tin g  a m ore c a t a s t r o p h ic  ty p e  o f  
f a i l u r e .  When th e  m ach ine  lo a d in g  sy s te m  i s  s u f f i c i e n t l y  s t i f f e n e d ,  
ho w ev e r, th e  e n e rg y  u se d  f o r  c ra c k  p r o p a g a tio n  i s  due  to  th e  s to r e d  
e l a s t i c  e n e rg y  i n  th e  specim en  i t s e l f ,  and  th e  c r a c k  th e r e f o r e  p ro p a ­
g a te s  more s t a b l y .
One o th e r  f a c t o r  t h a t  in f lu e n c e d  th e  ty p e  o f  f r a c t u r e  p ro d u ce d  was 
th e  s t r a i n  r a t e  o f  th e  specim en  im m e d ia te ly  p r i o r  to  f a i l u r e .  A f a s t e r  
s t r a i n  r a t e  b e f o r e  th e  c r i t i c a l  p o in t  o f  i n s t a b i l i t y  p ro d u ce d  a  l e s s  
s t a b l e  ty p e  o f  f r a c t u r e  a f t e r  i n s t a b i l i t y  th a n  d id  a s lo w e r  r a t e .
F o r  t h i s  r e a s o n ,  th e  t e s t s  o f  S e r i e s  4 had th e  s t r a i n  r a t e  r e d u c e d  j u s t  
p r i o r  to  th e  pe ak  lo a d  b e in g  r e a c h e d .
T h , v a lu e s  o f  th e  f r a c t u r e  p a ra m e te r s  G , K and y f o r  g roup  ( a )  a re  
sum m arised  l a t e r  i n  t h i s  s e c t i o n .
(b ) C o n s ta n t M achine  S t i f f n e s s ;  D i f f e r e n t  N o tc h es  
The se co n d  g ro u p  o f  t e s t s  i n  S e r i e s  4 a t te m p te d  to  d e f in e  th e  b o r d e r l i n e  
be tw een  th o se  n o tc h  d e p th s  t h a t  w ould  p ro d u c e  a  s t a b l e  o r  s e m i- s ta b le  
ty p e  o f  f r a c t u r e ,  and th o s e  n o tc h  d e p th s  f o r  w hich  th e  beam a lw ays 
f a i l e d  c a t a s t r o p h i c a l l y ,  w i th  th e  lo a d  d ro p p in g  in s t a n ta n e o u s l y  to  
z e ro  a t  f a i l u r e .  I n  o r d e r  to  do t h i s ,  a  c o n s t a n t  m ach ine  s t i f f n e s s  
w as u se d  f o r  a l l  th e  t e s t s : -  th e  250x125 mm I-b e am  s t i f f e n e d  M acklow - 
Smi.th h y d r a u l i c  m a ch in e . I n  a d d i t i o n ,  th e  s t i f f e n e d  lo a d  s p r e a d e r  
r i g  w as u se d  f o r  one  o f  th e  12 ,7  mm n o tc h e d  beams i n  t h i s  gl-oup.
T h is  t e s t  was c o n d u c te d  a t  a  l a t e r  s ta g e  when i t  was . . a l i s e d  t h a t  
th e  lo a d  r i g  i t s e l f  was p r e v e n t in g  more s t a b l e  ty p e  f r a c t u r e s  due  to  
th e  s t r a i n  e n e rg y  s to r e d  i n  i t .  U nnotched  beams and beams w ith  
i n i t i a l  n o tc h  d e p th s  o f  1 2 ,7  mm, 2 5 ,4  mm and 5 0 ,8  mm w ere  u se d  f o r  th e  
t e s t s .  The r e s u l t s  o f  th e  t e s t s  a r e  p r e s e n te d  i n  T a b le  4 . 6 .  I t  
was found  t h a t  th e  25 ,4  mm and 5 0 ,8  mm n o tc h e d  beams p roduced  a  
c o m p le te ly  s t a b l e  ty p e  o f  f r a c t u r e .  The 1 2 ,7  mm beams w ith o u t  th e  
s t i f f e n e d  lo a d  s p r e a d e r  r i g  p ro d u ce d  a  s e m i - s t a b l e  ty p e  o f  f r a c t u r e ,  
w ith  more s p o n ta n e o u s  c ra c k  p r o p a g a tio n  th a n  f o r  th e  2 5 ,4  mm o r  5 0 ,8  mm 
n o tc h e d  beam s. The W atanabe X-Y r e c o r d e r ,  h o w ev e r, was u n a b le  to
i i s v a ,  T iv
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c o m p le te ly  fo l lo w  th e  l o a d - d e f l e c t i o n  c u rv e  a f t e r  i n i t i a l  f a i l u r e ,  b u t  
i t  was q u i t e  e v id e n t  t h a t  a  p u r e ly  c a t a s t r o p h i c  f a i l u r e  was n o t  o c c u r r in g .  
H ow ever, th e  1 2 ,7  nm n o tc h e d  beam s t e s t e d  w ith  th e  s t i f f e n e d  lo a d - s p r e a d e r  
r i g  e x h ib i t e d  a  c o m p le te ly  s t a b l e  ty p e  o f  f r a c t u r e ,  w i th  th e  X-Y r e c o r d e r  
b e in g  a b le  t o  f a i t h f u l l y  r e c o rd  th e  w ho le  c u rv e  e x c e p t  f o r  a  t i n y  p o r t i o n  
j u s t  a f t e r  pe ak  lo a d .  The t r u e  sh a p e  o f  th e  l o a d - d e f l e c t i o n  c u rv e  was 
im m e d ia te ly  a p p a r e n t  fro m  th e  t e s t  r e c o r d ,  and was c o n firm e d  by t e s t s  
c o n d u c te d  u s in g  th e  U.V. r e c o r d e r  (g ro u p  (c )  l a t e r ) .  The u nno tched  
beam s, ho w ev e r, f r a c t u r e d  c a t a s t r o p h i c a l l y .  The 1 2 ,7  mm and 2 5 ,4  mm 
n o tc h e d  m o r ta r  beams u se d  i n  th e  p r e s e n t  t e s t s  seem ed to  b e  on th e  
c r i t i c a l  b o r d e r l i n e  be tw ee n  s t a b l e  and s e m i - s t a b l e / c a t a s t r o p h i c  
f r a c t u r e s ,  a n d , th e  ty p e  o f  f r a c t u r e  p ro d u ce d  by th e s e  beams was c r i t i c a l l y  
d e p e n d e n t on th e  m ach ine  e n e rg y  a t  f a i l u r e  and on  th e  s t r a i n  r a t e  a t  
f a i l u r e .  I t  w i l l  b e  shown l a t e r  u n d e r  g roup  ( c )  t h a t  i t  was im p o s s ib le  
f o r  an  u n n o tc h ed  beam to  f r a c t u r e  s t a b l y  o r  s e m i - s t a b ly ,  from  a  c o n s id e ­
r a t i o n  o f  th e  e f f e c t i v e  f r a c t u r e  s u r f a c e  e n e rg y  y o f  th e  m o r ta r  beams 
and th e  s t r a i n  e n e rg y  s to r e d  i n  th e  beam a t  f a i l u r e .
F o r  a  summary o f  t h e  v a lu e s  o f  th e  f r a c t u r e  p a ra m e te r s  G , K and 
y from  th e  t e s t a  o f  g roup  ( b ) ,  s e e  l a t e r  T a b le  4 .8  and F i g . ' s  4 .2 8  and 
4 .2 9 .  I t  s h o u ld  b e  p o in te d  o u t  h e re  t h a t  w h ere  i t  was p o s s ib l e  
to  i n f e r  th e  t r u e  sh ape  o f  th e  l o a d - d e f l e c t i o n  c u rv e  o f  a  beam from  
th e  t e s t  r e c o r d  and fro m  th e  c h a r a c t e r i s t i c  c u rv e s  p r e s e n te d  in  
F ig . 4 .2 7 ,  th e n  th e  t o t a l  w ork o f  f r a c t u r e  f o r  t h a t  beam a s  r e p r e s e n te d  
by th e  a r e a  u n d e r  th e  l o a d - d e f l e c t i o n  c u rv e  was e v a lu a te d .  Where 
t h i s  was n o t  p o s s i b l e ,  how ever, th e  v a lu e  was n e g le c t e d .  The lo a d  
was assum ed to  d ro p  i n s t a n t a n e o u s l y  to  z e ro  a t  f a i l u r e  in  th e  c a se  
o f  th e  un n o tc h ed  beam s.
( c j  T e s ts  on th e  250x125 m m.I-beam S t i f f e n e d  System  
T o g e th e r  w ith  th e  N .E .P . U l t r a - V io l e t  R e c o rd e r.
The N .E .P . U .V . R e co rd e r  was u se d  f o r  th e  t e s t s  i n  g roup  (c )  i n  o r d e r  
to  d e te rm in e  c o n f id e n t ly  and a c c u r a t e l y  th e  t r u e  sh a p e s  o f  th e  lo a d -  
d e f l e c t i o n  c u rv e s  o f  th e  u n n o tc h ed  and r e c t a n g u l a r  n o tc h ed  m o r ta r  
beams used  in  th e  l a b o r a to r y  t e a t s .  As m e n tio n e d  p r e v io u s ly ,  t h i s  
in s t ru m e n t  had  a  f re q u e n c y  r e s p o n s e  to  t r a n s i e n t s  a t  f a i l u r e . t h a t  was 
tw en ty  to  tw en ty  f i v e  tim es  h ig h e r  th a n  th e  X-Y r e c o r d e r ,  and i t  was 
found  t h a t  th e  s e n s i t i v i t y  o f  th e  U.V. was q u i t e  s u f f i c i e n t  to  a c c u r a te l y  
m o n ito r  th e  t r u e  l o a d - 'd e f le c t i u u  c u rv e s .  The r e s u l t s  o f  th e  t e s t s  a r e
p r e s e n te d  i n  T a b le  4 .7 .  C h a r a c t e r i s t i c  l o a d - d e f l e c t i o n  c u rv e s  
f o r  u n n o tc h ed  beam s, and f o r  1 2 ,7  mm, 25 ,4  mm, and 5 0 ,8  n o tc h e d  beams 
a r e  p r e s e n te d  i n  F i g .  4 .2 7 .  The c u rv e  f o r  th e  u n n o tc h ed  beam c o r r e s ­
ponds to  specim en  4 .1 6  i n  T a b le  4 . 7 ,  th e  1 2 ,7  mm n o tc h e d  beam to  
specim en  4 .1 2  i n  T a b le  4 . 6 ,  th e  2 5 ,4  mm n o tc h e d  beam  to  specim en  
4 .1 9  i n  T ab le  4 . 7 ,  and th e  5 0 ,8  mm n o tc h e d  beam to  sp e c im en  4 .2 1  in  
T a b le  4 . 7 .  I t  sh o u ld  b e  n o te d  t h a t  sp e cim en s 4 .1 8  to  4 .2 1  u se d  th e  
m o d if ie d  s t i f f e n e d  lo a d  s p r e a d e r  r i g ,  and t h a t  sp e c im en  4 .1 2  was 
a c t u a l l y  r e c o rd e d  on th e  X-Y r e c o r d e r  u s in g  th e  s t i f f e n e d  r i g .  A 
d is c u s s io n  o f  F ig .  4 .2 7  a p p e a rs  b e lo w :-
The u n n o tc h ed  m o r ta r  beams u se d  i n  th e  p r e s e n t  t e s t s  a lw ays 
f r a c t u r e d  c a t a s t r o p h i c a l l y ,  w i th  th e  lo a d  d ro p p in g  in s t a n ta n e o u s l y  
t o  z e r o  j u s t  a f t e r  th e  pe ak  w as a t t a i n e d .
The Ap £ te rm s  f o r  u n n o tc h ed  beam s c o n ta in  e x c e s s  e n e rg y  n o t  
expended  on  p r o d u c in g  new f r a c t u r e  s u r f a c e s .  The n o tc h e d  beams 
e x h i b i t  a  p r o g r e s s iv e ly  g r e a t e r  d e g re e  o f  p o s t - c r a c k in g  d u c t i l i t y  
a s  th e  i n i t i a l  n o tc h  d e p th  i n c r e a s e s .  T h u s , th e  lo a d  on th e
1 2 ,7  mm n o tc h e d  beam d ro p s  o f f  m ore q u ic k ly  a f t e r  th e  pe ak  th a n  
do e s th e  lo a d  on  th e  5 0 ,8  mm n o tc h e d  beam. The beam d e f l e c t i o n  
a t  f i n a l  f a i l u r e  a l s o  i n c r e a s e s  a s  th e  i n i t i a l  n o tc h  d e p th  i n c r e a s e s .  
F u r th e rm o re , deep  n o tc h ed  beams e x p e r ie n c e  a  g r e a t e r  d e g re e  o f  
s lo w , s t a b l e  c ra c k  g ro w th  p r i o r  to  f a i l u r e  th a n  do s h a llo w -n o tc h e d  
beam s. The im p o r ta n t  f a c t  to  n o te  from  th e  c u rv e s  i n  F ig .  4 .2 7  
i s  t h a t  even  a  n o m in a lly  b r i t t l e  m a te r i a l  l i k e  cem ent m o r ta r ,  
when f r a c t u r e  t e s t e d  i n  f l e x u r e ,  can  and  d o e s e x h i b i t  a  c o n s id e r a b le  
am ount o f  p o s t - c r a c k in g  ' d u c t i l i t y ' ,  and  th e  l o a d - d e f l e c t i o n  c u rv e  
f o r  n o tc h e d  beams i s  a  c o n tin u o u s  l i n e  w i th o u t  any d i s c o n t i n u i t i e s ,  
p ro v id e d  th e  f r a c t u r e  i s  n o t  c a t a s t r o p h ic  a s  f o r  an  u n n o tc h ed  beam . 
T h is  phenomenon o f  beam d u c t i l i t y  w i l l  b e  d e m o n s tra te d  l a t e r  by means 
o f  l o a d - c y c l in g  a specim en  d u r in g  t e s t i n g .  (S ee  t e s t s  i n  g roup  
(d ) o f  S e r ie s  4 . )
In c lu d e d  a t  t h i s  p o in t  i s  th e  Summary o f  th e  v a lu e s  o f  th e  f r a c t u r e  
p a ra m e te r s  f o r  th e  f i r s t  t h r e e  g ro u p s  o f  t e s t s  o f  S e r ie s  4 ,  i n  
T a b le  4 . 8 .  T hese  p a ra m e te r s  a r e  d e r iv e d  from  th e  p r e v io u s  ta b l e s  
4 . 5 ,  4 .6  and 4 .7 .  T o g e th e r  w ith  th e  v a lu e s  o f  th e  f r a c t u r e  p a ra m e te r s  
f o r  th e  ' f a s t '  s t r a i n  r a t e  t e s t s  o f  S e r i e s  3 ( s e e  T ab le  4 . 4 ) ,  th e  
v a lu e s  i n  T a b le  4 .8  a p p e a r  d ia g ra m m a tic a l ly  i n  F i g . ' s  4 .2 8  and 4 .2 9 .
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T a b le  4 .8  F r a c tu r e  P a ra m e te rs  f o r  S e r ie s  4 ( a ) , ( b ) , ( c ) : 
M a c h in e - S tif f e n e d  T e a ts
1 2 3 4 5 6
L o ad in g  System  
Specim en No. 
(Cube S t r .
MPa) (p m /se c) ( p e r  c e n t) I T
== " c  
(N/m) (tiN/m1! 5 P/m)
■
(3 2 ,6 5 ) a .o 100 5 1 ,0 0 ,9 5 2 8 ,3
o s
4 .2
(3 2 ,6 5 ) 4 ,4 1 2 ,9 3 8 ,1 0 ,8 2 3 3 ,1
* 4 .3
(3 2 ,6 5 ) 3 .8 13 ,1
25
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mm 
H
ot
el
3 7 ,1 0 ,8 1 3 1 ,6
8
4 .4
(3 3 ,3 3 ) H
4 ,2 9 ,1 3 7 ,2 0 ,8 1 3 5 ,5
20
0X
10
C
4 .5
(3 3 ,3 3 ) 2 ,7 7 ,9
3 3 4 ,0 0 ,7 8 2 8 ,5
- 1
2 4 .6
(3 4 ,8 8 )
*
2 ,1 5 ,1 4 1 ,9 0 ,8 6 3 0 ,7
1
4 .7
(3 4 ,8 8 ) 1 .2 . 3 ,9 4 0 ,1 0 ,8 4 3 2 ,7
9
4 .8
(2 6 ,5 4 )
4 1 ,0 3 ,5 7 4 ,9 1 ,1 9 3 0 ,6
i
i
!
(2 6 ,5 4 )  . 2 ,0 4 ,5 8 7 ,2 1 ,3 0 4 3 ,8
(2 6 ,5 4 ) 1 ,3 2 ,7 1 3 2 ,0 0 ,7 7 3 2 ,9
4 .1 1
(2 6 ,5 4 ) 1 ,8 3 ,0
8
3 6 ,0 0 ,8 0 2 8 ,1
I
T ab le  4 .8  (C o n t'd )
3 4 5 6
* 4 .1 2
W (3 1 ,9 7 ) 1 ,5
4 ,8 12 ,7 31 ,7 0 ,7 8 31 ,6
<
4 .1 3
(M .B 9 ) 1 ,1  2 ,0 25 ,4 25 ,5 0 ,6 7 2 6 ,0
4 .1 4
u (2 6 ,5 4 ) 3 ,0 3 ,3 5 0 ,8 31,1 0 ,7 3 1 9 ,6M
» (3 2 ,0 3 ) 4 ,2 9 ,8 n 71 ,4 1 ,2 0 38 ,1
< i 4 .1 6 SB
o
1
(3 2 ,0 3 ) 3 ,0 7 ,7 IB 76 ,7 1 ,2 4 3 7 ,5
4 .1 7
w
(3 2 ,0 3 ) 2 ,2 5 ,9 12 ,7 1 7 ,8 0 ,6 0 2 8 ,8
H ( 3 2 ,0 3 )  • 2 ,7 3 ,9 25 ,4 24 ,1 0 ,6 6 21 ,4
4 .1 9
(3 2 ,0 3 ) 3 ,5 3 ,7 25 ,4 2 7 ,3 0 ,7 0 2 3 ,8
° $
4 .2 0
(3 2 ,0 3 ) 9 ,4 1 ,3 50 ,8 18 ,0 0 ,5 5 1 4 ,0
a 4 .2 1
< a (3 2 ,0 3 ) 1 2 ,0 1 ,4 5 0 ,8 15 ,1 0 ,5 1 15 ,3
H
’P a s c ' S t r a i n  R a te  > 1 ,0  ym /sec  
'S lo w ' S t r a i n  R a te  < 1 ,0  urn /sac
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F i g ,  4 .2 8  shows and  v e r s u s  th e  i n i c i t a l  n o tc h  dep th , r a t i o  c /d  
f o r  th e  ' f a s t '  t e s t s  o f  S e r ie s  4 ,  w h ile  F ig .  4 .2 9  shows ?  p lo t t e d  
a g a i n s t  c /d ,  a g a in  f o r  th e  ' f a s t '  t e s t s  o f  S e r ie s  3 and 4 .
F i g .  4 .2 8  shows t h a t  b o th  and a r e  a f f e c t e d  by  th e  i n i t i a l  
n o tc h -d e p th  r a t i o  o f  th e  beam s used  to  m easu re  t h e i r  v a lu e s .
The m easured  f r a c t u r e  to u g h n e s s  o f  an  ’-n n o tch e d  beam i s  c o n s id e r a b ly  
h ig h e r  th a n  th e  f r a c t u r e  to u g h n e s se s  o f  n o tc h e d  beam s. Two t r e n d s  
a r e  p o s s ib l e  fro m  F i g .  4 .2 8 .  The f i r s t  i s  t h a t  th e  f r a c t u r e  
to u g h n e ss  v a lu e s  c o n tin u e  to  d e c r e a s e  a s  th e  n o tc h -d e p th  r a t i o  
i n c r e a s e s . H ow ever, an  e x a m in a tio n  o f  th e  a v e ra g e  v a lu e s  o f  
Ge o r  K , f o r  n o tc h e d  beams shows t h a t ,  w i th in  th e  l i m i t s  o f  
e x p e r im e n ta l  s c a t t e r ,  a  d i s c o n t i n u i t y  m ig h t e x i s t  i n  th e  c u rv e  
o i  G err K b e tw ee n  n o tc h e d  beam s' and unn o tc h ed  beam s. The a v e ra g e  
v a lu e  : f o r  th e  v a r io u s  n o tc h -d e p th  r a t i o s  a r e  ta b u la t e d  be low  in  
T a b le  4 .9 .  A lso  shown i s  th e  d im e n s io n le s s  r a t i o  K2 ( l - v 2 )/E G , 
w h ich  sh o u ld  h av e  a  v a lu e  o f  u n i ty  a c c o rd in g  to  th e  F r a c tu r e  
M echanics r e l a t i o n s h i p  o f  e q u a t io n  1 .9 .
T a b le  4 .9  A verage  V a lu es  o f  G and K
Gc Kc K2 ( 1 - v2)/E G
(N/m) (MN/m1! s )
U nnotched 8 0 ,2 1 ,2 5 0 ,9 6 6
c /d  =• 0 ,1 2 5 2 9 ,4 0 ,7 4 0 ,9 2 3
c /d  = 0 ,2 5 3 7 ,0 0 ,8 0 0 ,8 5 7
c /d  -  0 ,5 0 2 5 ,6 0 ,6 5 0 ,8 1 8
A verage  f o r  
N o tched  Beams 3 0 ,7 0 ,7 3 . 0 ,8 6 1
The g ran d  a v e ra g e  o f  G f o r  th e  n o tc h e d  beams i s  3 0 ,7  N/m, and t h a t  
o f  Ke i s  0 ,7 3  MN/m1; s . T hese  v a lu e s  a r e  p l o t t e d  i n  F ig .  4 .2 8 ,  
i n d i c a t i n g  an  a v e ra g e  v a lu e  o f  th e  f r a c t u r e  p a ra m e te r s  f o r  n o tc h e d  
beam s.
F ig .  4 .2 6  s u g g e s ts  t h a t  a  b a s i c  d i f f e r e n c e  m ig h t e x i s t  b e tw een  th e  modes 
o f  f r a c t u r e  o f  n o tc h e d  and u n n o tc h ed  beam s. I n  an  unn o tc h ed  beam,
Che c ra c k  p r o p a g a te s  from  a n a t u r a l  s u r f a c e  d e f e c t  i n  th e  beam , and in  
p u re  b e n d in g , t h i s  p r o p a g a tio n  cun  t h e o r e t i c a l l y  o c c u r  anyw here  w i th in  
t h e  c e n t r a l  lo a d in g  sp a n . T he’ p o s s i b i l i t y  t h e r e f o r e  e x i s t s  t h a t  num erous
m ic ro c ra c k s  m ig h t b e g in  g row ing  fro m  th e  s u r f a c e  d u r in g  th e  t e s t ,  
and  i t  i s  o n ly  th o s e  m ic ro c ra c k s  w h ich  s a t i s f y  th e  r e l a t i o n s h i p  
b e tw ee n  c r i t i c a l  c ra c k  le n g th  and s t r e s s  l e v e l  i n  th e  beam a t  th e  
p o in t  o f  f a i l u r e  t h a t  c a n  th e n  p r o p a g a te  s p o n ta n e o u s ly  to  c au se  
c a t a s t r o p h ic  f a i l u r e  o f  th e  beam . The m u l t i p l i c i t y  o f  t i n y  m ic ro ­
c ra c k s  i n  th e  c e n t r a l  p o r t i o n  o f  th e  beam in  th e m se lv e s  r e p r e s e n t  an 
e n e r g y -a b s o r b in g  m echanism , and  c o u ld  t h e r e f o r e  im p a r t an  a p p a r e n t ly  
h ig h e r  f r a c t u r e  to u g h n e s s  to  th e  beam when com pared to  an  a r t i f i c i a l l y  
d e e p -n o tc h e d  beam . T h is  f a c t  i s  a l s o  b o rn e  o u t  by th e  r e s u l t s  o f  
F i g .  4 .1 9 ( a )  and ( b ) , w hich  show t h a t  s t r a i n  r a t e  h a s  a more m arked 
e f f e c t  on th e  f a i l u r e  lo a d  o f  u n n o tc h ed  beams th a n  on n o tc h e d  beam s.
F o r  l o w - s t r a in  r a t e s ,  m ore e x te n s iv e  m u l t i p l e  m ic ro c ra c k  grow th  in  a  
s t a b l e  f a s h io n  from  th e  s u r f a c e  o f  an  u n n o tc h ed  beam c o u ld  occur" th a n  
f o r  h ig h e r  s t r a i n  r a t e s .  H ow ever, f o r  a  n o tc h e d  beam , th e  c r i t i c a l  
c ra c k  i s  c o m p elled  t o  i n i t i a t e  a t  th e  n o tc h e d  s e c t i o n ,  and th e  d e g re e  
Of m ic ro c ra c k in g  in  th e  beam o v e r  th e  c e n t r a l  lo a d in g  sp a n  w ould be 
l im i t e d  i n  e x t e n t  to  th e  n o tc h e d  c r o s s - s e c t i o n .  T h is  i s o l a t e d  
c ra c k  a r e a  w ould n o t  b e  a b l e  to  e x e r c is e  a s  g r e a t  an in f lu e n c e  on th e  
f a i l u r e  lo a d  o f  a n o tc h e d  beam w ith  V ary in g  s t r a i n  r a t e s .  T hus, 
'v e e '- n o t c h  beams r e p r e s e n t in g  a  h ig h  s t r e s s  c o n c e n t r a t io n  a t  th e  n o tc h  
e x h i b i t  f a i l u r e  lo a d s  t h a t  a r e  a p p a r e n t ly  u n a f f e c te d  by s t r a i n  r a t e ,  
and th e  e f f e c t  o f  s t r a i n  r a t e  on f a i l u r e  lo a d  in c r e a s e s  a s  th e  n o tc h -  
d e p th  r a t i o  d e c r e a s e s .
H en c e , a r t i f i c i a l l y  n o tc h ed  beams l i m i t  th e  a r e a  o f  f r a c t u r e  
damage to  th e  im m ed ia te  v i c i n i t y  o f  th e  n o tc h  c r o s s - s e c t i o n ,  w h ile  un­
n o tc h e d  beams have no su c h  l i m i t i n g  f a c t o r  to  t h e i r  f r a c t u r e  b e h a v io u r .  
T h is  l e a d s  to  a m arked d i f f e r e n c e  i n  th e  m easu red  f r a c t u r e  to u g h n e s se s  
o f  n o tc h e d  and u n n o tc h ed  beam s. T h is  f a c t  i s  f u r t h e r  d e m o n s tra te d  by 
th e  v a r i a t i o n  o f  y  w i th  c / d ,  d i s c u s s e d  be low .
F ig .  4 .2 9  A g a in , two t r e n d s  o f  th e  v a r i a t i o n  o f  y  w i th  c /d  a r e  
p o s s ib l e  from  t h i s  f i g u r e .  The one  i s  t h a t  y  d e c r e a s e s  c o n tin u o u s ly  
a s  c /d  i n c r e a s e s ,  and th e  o th e r  i s  t h a t  u n n o tc h ed  beams and n o tc h e d  
beams e x h ib i t  b a s i c a l l y  d i f f e r e n t  ty p e s  o f  f r a c t u r e .  As w i l l  be 
shown l a t e r  i n  t h i s  s e c t i o n ,  th e  u n n o tc h ed  beams i n  th e  p r e s e n t  
t e s t s  c o u ld  n e v e r  f r a c t u r e  i n  a s e m i - s t a b l e  o r  s t a b l e  f a s h io n .  
H ow ever, a l l  th e  n o tc h e d  beams w ere  c a p a b le  o f  e x h ib i t i n g  sem i­
s t a b l e  o r  s t a b l e  ty p e  f r a c t u r e s ,  d e p en d in g  on su c h  v a r i a b l e s  as 
lo a d in g  m ach ine  s t i f f n e s s  and s t r a i n  r a t e  a t  f a i l u r e .  The a v e ra g e
v a lu e s  o f  y  f o r  t h e  v a r io u s  n o tc h -d e p th  r a t i o s  a r e  t a b u la t e d  be low  
i n  T a b le  4 .1 0 ,  A lso  shown i s  th e  d im e n s io n le s s  r a t i o  G / y ,  
w hich  s h o u ld  h av e  a  n u m e ric a l  v a lu e  o f  2 a c c o rd in g  to  th e  F r a c tu r e  
M echan ics  r e l a t i o n s h i p  i n  S e c t io n  1 .3 .2 .
T a b le  4 .1 0  A verage  V a lu es  o f  y
U nnotched 3 8 ,9  2 ,0 6 2
c /d  = 0 ,1 2 5  3 0 ,4  0 ,9 6 7
c /d  = 0 ,2 5  2 9 ,2  1 ,267
c /d  = 0 ,5 0  ' 1 9 ,9  1 ,2 8 6
'v e e '- n o t c h
( e f f e c t i v e  c /d  -  0 ,5 8 2 )
The grand  a v e ra g e  o f  y  f o r  th e  r e c t a n g u l a r  n o tc h e d  beams i s  2 6 ,5  N/m. 
T h is  v a lu e  i s  p l o t t e d  i n  F ig .  4 .2 9 .  The a v e ra g e  y v a lu e  f o r  th e  
'v e e '- n o t c h  beams i s  c o n s id e r a b ly  h ig h e r  th a n  f o r  th e  r e c t a n g u l a r  
n o tc h e d  beam s, and seem s to  i n d i c a t e  a  m arked d e p a r tu r e  from  th e  
t r e n d  o f  F ig .  4 .2 9 ,  A lth o u g h  th e s e  n o tc h e s  p roduced  a , s t a b l e  ty p e  
f r a c t u r e ,  t h e  beams w ere  t e s t e d  on a 305 mm sp a n  r a t h e r  th a n  th e  
610 mm sp a n  o f  th e  o th e r  beam s. The c e n t r a l  lo a d in g  sp a n  was o n ly  
101 mm. A cc o rd in g  to  th e  s p e c i f i c a t i o n s  o f  r e f ,  23 , p , 14 , p u re  
b e n d in g  e x i s t s  i n  th e  c e n t r a l  m ino r sp a n  i f  th e  r a t i o  o f  th e  m ino r 
sp a n  to  sp e c im en  d e p th  i s  n o t  l e s s  chan  tw o. F o r  th e  c a s e  o f  th e  
'v e e '- n o t c h  beam s, t h i s  r a t i o  (1 0 1 /1 0 1 ) had a v a lu e  o f  o n ly  o n e .
I n  a d d i t i o n ,  th e  r a t i o  o f  th e  m a jo r  s u p p o r t  sp a n  to  specim en  d e p th  
was th r e e  w h ich  i s  l e s s  th a n  th e  minimum v a lu e  o f  f o u r  recommended 
by r * x . 23 u , o r d e r  to  a v o id  s u b s t a n t i a l  e r r o r s  due  to  specim en  
in d e n ta t i o n  and f r i c t i o n  a t  th e  s u p p o r ts .  H ence, i t  seems t h a t  th e  
'v e e '- n o t c h  beam s, d e s p i t e  e x h ib i t i n g  a s t a b l e  ty p e  f r a c t u r e ,  
p roduced  r e s u l t s  t h a t  w ere  u n r e p r e s e n ta t i v e  due  to  th e  e f f e c t s  
o f  s h e a r  and f r i c t i o n .  T hese  r e s u l t s  a r e  a c l e a r  i n d i c a t io n  o f  
th e  need to  b o th  d e v e lo p  and a d h e re  t o  s u i t a b l e  c r i t e r i a  f o r  v a l i d  
f r a c t u r e  t e s t i n g .
0,3 Q t ■qis 06
-....................  R a i i o  c/ d
Fi&.4.26 Gc a n d  1<C v e r s u s  c / d , S e e l i e s 3 ^4  (V ast1 T e ^ rs )
g -  o , t  • ' a t - - J  4 3  7 ^  o j s  0,6
N o tc h  -’D e p i h  ; R a i f o  te/si
F I g , 4 -2 ,9  Y  v e r s u s  c / d  , S e r ,i s & 3  j  A-
As th e  c /d  r a t i o  in c r e a s e d ,  so  t h e  ty p e  o f  f r a c t u r e  becam e in c r e a s in g ly  
more s t a b l e  and th e  c ra c k  g row th  l e s s  sp o n ta n e o u s , T h is  was b e c a u se  th e  
e n e rg y  s to r e d  in  th e  sp e c im en  was l im i t e d  by th e  p r e s e n c e  o f  a  n o tc h ,  and 
th u s  t h e  e n e rg y  a v a i l a b l e  f o r  sp o n ta n e o u s  f r a c t u r e  d e c r e a s e d  a s  t h e  c /d  
r a t i o  in c r e a s e d .  The d e e p -n o tc h e d  beams ( 5 0 ,8  mm) r e q u i r e d  e x t e r n a l  
w ork to  b e  done on Che sp e c im en  i n  o r d e r  to  make th e  c ra c k  grow , w h ile  
th e  sh a l lo w -n o tc h e d  sp e cim en s e x h ib i t e d  a  d e g re e  o f  sp o n ta n e o u s  c ra c k  
g ro w th  u n d e r  th e  e n e rg y  l e v e l  p r e s e n t  i n  th e  beam. I t  i s  th e r e f o r e  
c o n c e iv a b le  t h a t  a  g r e a t e r  d e g re e  o f  m ic r o c r a c k in g  s u r ro u n d in g  th e  m ain 
c ra c k  c o u ld  o c c u r  i n  u n n o tc h ed  and sh a l lo w - n o tc h e d  beams d u r in g  th e  c o u rse  
o f  c ra c k  p r o p a g a tio n  th a n  i n  d e e p -n o tc h e d  beam s. T h is  m ic ro c ra c k in g  
w ould c o n s t i t u t e  a  m echanism  o f  e n e rg y  a b s o r p t io n  w h ich  w ould  in c r e a s e  
a s  th e  n o tc h -d e p th  r a t i o  d e c r e a s e d . The f r a c t u r e  o f  a s h a llo w -n o tc h e d  
beam i s  th e r e f o r e  more 'v i o l e n t '  th a n  t h a t  o f  a  d e e p -n o tc h e d  beam.
T h is  phenom enon i s  c r i t i c a l l y  d e p e n d e n t on th e  e n e rg y  l e v e l  i n  th e  sp e cim en , 
w h ich  i n  t u r n  i s  d e p en d e n t on th e  n o tc h -d e p th  r a t i o .  F ig .  4 .2 9  in d i c a t e s  
t h a t  t h e  m easu red  v a lu e  o f  y  c an  v a ry  d e p en d in g  on th e  ty p e  o f  f r a c t u r e  
e x h ib i t e d  by th e  beam , and r e f l e c t s  th e  need  f o r  th e  f r a c t u r e  t e s t  to  be 
d e s ig n e d  t o  b e  an  a c c u r a te  m odel o f  a c t u a l  f r a c t u r e  c o n d i t io n s  i n  p r a c t i c e .  
The lo w e r  v a lu e  o f  y  r e p r e s e n te d  by th e  d e e p -n o tc h e d  beams i s  p ro b a b ly  
th e  m ore a c c e p ta b .e  v a lu e  f o r  d e s ig n  p u r p o s e s ,  e s p e c i a l l y  i n  th o se  
s i t u a t i o n s  su c h  a s  r o a d  pavem ents w here  th e  f r a c t u r e  i s  a t im e -d e p e n d e n t 
p r o c e s s .
C a ta s t r o p h ic  F r a c tu r e  o f  U nnotched  Beams 
As s e e n  from  F i g .  4 .2 8 ,  t h e  v a lu e  o f  y  d ep en d s on th e  n o tc h  d e p th  i n  th e  
beam. U nnotched  beams g iv e  h ig h e r  y  v a lu e s  th a n  n o tc h e d  beam s. T h is  i s  
a  r e s u l t  o f  th e  c a t a s t r o p h i c / s t a b l e  f r a c t u r e  phenomenon d is c u s s e d  p r e v io u s ly .  
An u n n o tc h ed  beam , w h ich  f r a c t u r e s  s p o n ta n e o u s ly  and c a t a s t r o p h i c a l l y ,  
h a s  s u f f i c i e n t  s t r a i n  e n e rg y  s to r e d  i n  i t  a t  th e  p o in t  o f  f a i l u r e  t o  c au se  
th e  c ra c k  to  ru n  r i g h t  th ro u g h  th e  sp e c im en , and e x c e s s  e n e rg y  i s  th e n  used  
up i n  k i n e t i c  e n e rg y  o f  th e  f r a c t u r e  p i e c e s ,  s o n ic  e n e rg y  and h e a t  e n e rg y .
The a r e a  u n d e r  th e  lo a d - d e f l e c t i o n  c u rv e  c o n ta in s  th e  com ponent o f  t o t a l  
e n e rg y  r e q u i r e d  to  c a u se  c o m p le te  f r a c t u r e ,  a s  w e l l  a s  th e  e x c e s s  e n e rg y  
com ponen t. When e v a lu a t in g  th e  t o t a l  w ork o f  f r a c t u r e  Aj, g u s in g  th e  
a r e a  u n d e r  th e  l o a d - d e f l e c t i o n  c u rv e , A^ , i s  o v e re s t im a te d  f o r  an 
u n n o tc h ed  beam, and t h e r e f o r e  y  i.s o v e re s t im a te d .  Im m e d ia te ly  a specim en
i s  n o tc h e d , how ever, th e  e n e rg y  l e v e l  i n  th e  specim en  a t  f a i l u r e  d ro p s  
s i g n i f i c a n t l y ,  and th e r e  i s  i n s u f f i c i e n t  e l a s t i c  e n e rg y  i n  th e  
sp e c im en  a t  f a i l u r e  to  c a u se  th e  c ra c k  to  r u n  r i g h t  th ro u g h  th e  sp e c im en . 
E x te r n a l  e n e rg y  m ust b e  fed  i n t o  th e  specim en  to  make th e  c ra c k  grow 
to  f i n a l  f a i l u r e .  H en ce , th e  6 te rm  fro m  su c h  a  sp e c im en  i s  a  m ore 
a c c u r a te  e s t im a te  o f  th e  t r u e  e f f e c t i v e  f r a c t u r e  s u r f a c e  e n e rg y  y 
o f  th e  m a te r i a l .
U s in g  th e  a v e ra g e  y v a lu e  o f  2 6 ,5  N/m f o r  th e  r e c t a n g u l a r  n o tc h e d  
beams fro m  F ig .  4 .2 8 . and  th e  a v e ra g e  ^ v a lu e  o f  0 ,8 0  Nm f o r  
th e  un n o tc h ed  beams fro m  T a b le s  4 . 3 ( a ) ,  4 .6  and 4 .7 ,  i t  i s  p o s s ib l e  
to  show  t h a t  an  un n o tc h ed  beam i n  th e  p r e s e n t  t e s t s  c o u ld  n e v e r  p ro d u ce  
a n y th in g  b u t  a  c a t a s t r o p h ic  ty p e  f r a c t u r e .  The t h e o r e t i c a l  f r a c t u r e  
s u r f a c e  a re a  f o r  th e  u n n o tc h ed  beams ia  fo und  by d iv id i n g  6 f o r  
th e  u n n o tc h ed  beams by th e  t r u e  y from  th e  n o tc h e d  beam s, i . e .
T h e o r e t ic a l  f r a c t u r e  s u r f a c e  a r e a ,  unn o tc h ed  beam
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How ever, th e  a v a i l a b l e  f r a c t u r e  s u r f a c e  a r e a  f o r  an  un n o tc h ed  beam i s  
o n ly  2 0 6 ,4 6  cm2 ( s e e  F i g .  4 . 7 ) ,  and th e r e f o r e  th e  u n n o tc h ed  beams 
m u st f r a c t u r e  c a t a s t r o p h i c a l l y .  U sing  th e  a v e ra g e  y  f o r  n o tc h ed  
beam s, 2 6 ,5  N/m, th e  p r e d i c t e d  a r e a s  and th e  a c t u a l  a v e ra g e  a r e a s ,
Ap j , u n d e r  th e  l o a d - d e f l e c t i o n  c u rv e s  f o r  th e  beams o f  S e r ie s  3 and  4 
a r e  com pared in  T ab le  4 .1 1 ,  I t  i s  s e e n  t h a t  th e  n o tc h e d  beams sh o u ld  
a l l  p ro d u ce  s t a b l e  o r  s e m i - s t a b l e  ty p e  f r a c t u r e s ,  a s  opposed  to  th e  
c a t a s t r o p h ic  ty p e  f r a c t u r e  o f  th e  u n n o tc h ed  beam s.
T a b le  4 .1 1 C om parison  o f  P r e d ic t e d  and A c tu a l  A re as  u nder
L o a d -D e f le c t io n a ™ .
N om inal A pprox. Range o f C a ta s t r o p h ic
F r a c tu r e P r e d ic t e d A c tu a l (C)
S u r fa c e Ap S
4 , 6
(cm2 ) (Nm) (Nm) (S)
U nnotched 2 0 6 ,4 6 0 ,5 5 0 ,8 - 0 ,9 C
1 2 ,7  mm 180 ,64 0 ,4 8 0 ,5 - 0 ,6 Semi-S
2 5 ,4  mm 154 ,8 4 0 ,4 1 0 ,4 - 0 ,5 S
5 0 ,8  mm 1 0 3 ,2 2 0 ,2 7 0 ,2 - 0 ,3 S
(d ) T e s ts  on N otched  Beams U sin g  a  L o a d -C y c lin g  
T ec h n iq u e  t o  o b t a i n  S t a b l e  C ra ck  G rowth 
T e s ts  u s in g  th e  M acklow -Sm ith h y d r a u l i c  t e s t i n g  m ach ine  w ere  done 
on two 2 5 ,4  mm and one 5 0 ,8  mm n o tc h e d  beam s, u s in g  a  lo a d - c y c l in g  
te c h n iq u e  in  o r d e r  to  p ro d u c e  s t a b l e  c r a c k  g row th  i n  t h e  beam. The 
te c h n iq u e ,  w hich  h a s  a l s o  b e e n  u se d  by Brown17 , in v o lv e s  lo a d in g  th e  
beam u n t i l  th e  c r i t i c a l  p o in t  o f  f r a c t u r e  i n s t a b i l i t y  i s  r e a c h e d , and 
th e n  q u ic k ly  rem o v in g  th e  lo a d  b e f o r e  r a p id  c ra c k  p r o p a g a tio n  c an  o c c u r .  
By u s in g  s u c c e s s iv e  c y c le s  i n  w h ich  th e  lo a d  i s  f i r s t  a p p l ie d  and th e n  
‘ dumped’ b e fo r e  f r a c t u r e  i n s t a b i l i t y  c an  o c c u r ,  th e  c ra c k  c an  b e  made 
to  grow i n  s t a b l e  in c re m e n ts  th ro u g h  th e  beam  u n t i l  f i n a l  f a i l u r e  
o c c u r s .  An exam ple  u s in g  a  2 5 ,4  mm n o tc h e d  beam i s  shown in  F i g .  4 .3 0 . 
T h is  f i g u r e  r e p r e i e n t s  th e  a c tu a l  o u tp u t  fro m  th e  t e s t .  . As th e  c ra c k  
f r o n t  ad v an c es  w i th  eac h  s u c c e s s iv e  lo a d in g  c y c l e ,  so  th e  p r e v a i l i n g  
c o m p lia n ce  i n c r e a s e s .  The sh a p e  o f  th e  c o m p le te  lo a d - d e f l e c t i o n  
c u rv e  i s  imntedia! ly  a p p a r e n t  from  th e  t e s t  o u tp u t ,  and i s  shown draw n 
i n  on th e  f i g u r e  i n  d o t te d  l i n e s .  N ote  t h a t  th e  l o a d - d e f l e c t i o n  
cu rv e  i s  shown i n  two p o r t i o n s ,  th e  low er p o r t i o n  f o l lo w in g  on from  
p o in t  A a t  th e  end o f  th e  u p p e r  p o r t i o n .  T h ree  p o in t s  a r e  w o rth  
n o t in g  from  th e  f i g u r e : - '
( i )  W ith  e ac h  s u c c e s s iv e  lo a d in g  c y c le ,  th e r e  i s  an i n c r e a s e  in  
th e  pe rm a n en t s e t  i n  th e  beam , a s  shown by th e  s h i f t  o f  th e  z e ro  
lo a d  p o in t  s u c c e s s iv e ly  -u  t h e  r i g h t ,  T h is  i n d i c a t e s  th e r e  i s
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some p o s i t i v e  r e s i s t a n c e  to  c ra c k  c lo s in g  on u n lo a d in g . I n  
• a d d i t i o n ,  a t  th e  s t a r t  o f  eac h  s u c c e s s iv e  r e - lo a d in g  c y c le ,  
th e  specim en  seem s to  o f f e r  p o s i t i v e  r e s i s t a n c e  to  c ra c k  o p e n in g , 
a s  shown by th e  s t e e p e r  s lo p e s  a t  th e  s t a r t  o f  eac h  lo a d  c y c le .
( i i )  Beyond th e  i n i t i a l l y  s t e e p e r  p o r t i o n  o f  th e  c u rv e  f o r  each  
lo a d  c y c le ,  th e r e  i s  a  m a rk e d ly  l i n e a r  p o r t i o n  to  th e  c u rv e , 
from  w hich  a  p r e v a i l i n g  c o m p lia n ce  c an  b e  c a l c u l a t e d ,  and  h e n ce  th e  
c ra c k  le n g th  a t  t h a t  p o in t  e v a lu a te d .  T h is  i n d i c a t e s  t h a t  o n ly  
t h e  a r e a  im m e d ia te ly  a head  o f  and  s u r ro u n d in g  th e  m a in - c r a c k  i s  
o v e r - s t r e s s e d ,  and t h a t  th e  r e m a in d e r  o f  th e  specim en  i s  s t i l l  
i n  th e  e l a s t i c  '•a n g e , i . e .  th e  c ra c k  i s  accom m odated w i th in  
p u r e ly  e l a s t i c  s u r ro u n d in g s . T h is  i s  one  o f  th e  b a s i c  p re m ise s  
o f  L in e a r  E l a s t i c  F r a c tu r e  M echan ics .
( i i i )  The lo a d - c y c l in g  te c h n iq u e  g r a p h ic a l ly  d e m o n s tr a te s  th e  p o s t ­
c ra c k in g  d u c t i l i t y  o f  th e  n o m in a lly  b r i t t l e  m o r ta r  beams u se d  
in  th e  t e s t s .  The a r e a  u n d e r  th e  l o a d - d e f l e c t i o n  c u rv e  a f t e r  
t h e  p e a k  lo a d  i s  th e  m a jo r  com ponent o f  th e  te rm  g , and 
c a n n o t b e  ig n o re d  when c a l c u l a t i n g  y .
4 .2 .5  S e r ie s  5 : P la n e  S t r e s s / S t r a i n  T e s ts  on 
C em en t-M orta r Specim ens 
S e r i e s  5 o f  th e  l a b o r a to r y  t e s t  programme w as d e s ig n e d  to  a t te m p t a 
b r i e f ,  i n i t i a l  s tu d y  o f  th e  e f f e c t  on th e  f r a c t u r e  p r o p e r t i e s  o f  th e
s t a t e  o f  th e  s t r e s s  f i e l d  a head  o f  th e  c ra c k  t i p  i n  a n o tc h e d  sp e cim en .
I n v e s t i g a t o r s  i n  th e  m e t a l l i c  f i e l d  h av e  r e c o g n is e d  t h a t  th e  m easured  
f r a c t u r e  to u g h n e ss  o f  a t h i n  s h e e t  s e c t i o n ,  i n  w h ich  p la n e  s t r e s s  c o n d i t io n s  
p r e v a i l ,  c an  b e  c o n s id e r a b ly  h ig h e r  th a n  th e  m easu red  f r a c t u r e  to u g h n e ss  
o f  a t h i c k  s l a b ,  i n  w hich  p la n e  s t r a i n  c o n d i t io n s  p r e v a i l 23 ) 2 9 . The 
f r a c t u r e  to u g h n e ss  o f  a  m a t e r i a l ,  K , i s  d e f in e d  a s  th e  p la n e  s t r a i n
f r a c t u r e  to u g h n e s s , th e  lo w e r  e f f e c t i v e  l i m i t  to  th e  f r a c t u r e  s t r e n g th  o f
th e  m a t e r i a l .  U nder p la n e  s t r a i n  c o n d i t i o n s ,  K (and  th e  c o rre s p o n d in g  
v a lu e  o f  G ) ,  can  b e  r e g a rd e d  a s  b a s i c  m a te r i a l  p r o p e r t i e s .  How ever, 
u n d e r  p la n e  s t r e s s  c o n d i t i o n s ,  th e  m easu red  K. c an  n o t  b e  r e g a rd e d  a s  a 
b a s i c  m a te r i a l  p r o p e r ty .  I n v e s t i g a t o r s  i n  th e  n o n - m e t a l l ic  f i e l d  have  
assum ed t h a t  p la n e  s t r a i n  c o n d i t io n s  h av e  p r e v a i le d  i n  t h e i r  f r a c t u r e  
s p e c im e n s , and  th e  p r e s e n t  s e r i e s  o f  t e s t s  a t te m p te d  to  v e r i f y  o r  d is p r o v e  
t h i s  a ssu m p tio n .
The s t r e s s  f i e l d  a head  o f  th e  c ra c k  t i p  i n  a  f r a c t u r e  sp e c im en  changes 
from  p la n e  s t r e s s  to  p la n e  s t r a i n  a s  th e  d im e n s io n s  o f  th e  specim en  change
131 .
fro m  a t h i n  s h e e t  to  a  t h i c k  p l a t e  o f  h eavy  s e c t i o n .  I n  a t h i n  s h e e t ,  
th e  c o n s t r a i n t - r e l i e v i n g  e f f e c t  o f  th e  f r e e  f a c e s  e x te n d s  th ro u g h o u t th e  
sp e c im en  th i c k n e s s ,  w h erea s  a t h i c k  p l a t e  im poses c o n s id e r a b le  r e s t r a i n t  
on th e  l a t e r a l  s t r a i n  a t  th e  c ra c k  t i p .  F o r  t h i s  r e a s o n ,  th e  c em e n t-  
m o r ta r  .sp ecim en s s tu d i e d  i n  th e  p r e s e n t  s e r i e s  v a r ie d  fro m  w id e , t h i c k  
s l a b s  to  n a rro w , de ep  beam s. O u t o f  a  t o t a l  o f  se v en  t e s t  sp e c im e n s , 
two had e l e c t r i c a l  r e s i s t a n c e  s t r a i n  gauges c a s t  i n t o  th e  beam j u s t  
ab o v e  th e  n o tc h  r o o t ,  in  o r d e r  t o  m o n ito r  th e  l o n g i t u d i n a l  and t r a n s ­
v e r s e  s t r a i n s  i n  th e  sp e c im en . The c o n t r o l l i n g  v a r i a b l e  was ta k e n  a s  th e  
r a t i o  o f  specim en  b r e a d th  (b) to  sp e c im en  d e p th  ( d ) ,  i . e .  th e  b /d  r a t i o ,  
w h ic h  was v a r i e d  from  4 ,0  down to  0 ,2 9 5 .  The l i m i t i n g  d im e n s io n s  
i n  o r d e r  f o r  p la n e  s t r a i n  c o n d i t io n s  to  p r e v a i l  c an  u s u a l ly  n o t  be 
found  by  t h e o r e t i c a l  a n a ly s i s  a lo n e ,  b u t  m u s t be e s t a b l i s h e d  by 
e x p e r im e n t2 3 .
(1) T e s t  Set-U p and P ro c e d u re  
A l l  th e  t e s t s  i n  S e r i e s  5 w ere  p e rfo rm ed  u s in g  th e  M acklow -Sm ith 
h y d r a u l i c  t e s t i n g  m ach ine  d e s c r ib e d  e a r l i e r  i n  s e c t i o n  4 .2 .1 .  The 
lo a d in g  r a t e s  u se d  f o r  th e  t e s t s  w ere  a l l  ' f a s t ' ,  i . e .  g r e a t e r  th a n
1 ,0  p m /s e c . T h is  a llo w e d  th e  a v e ra g e  v a lu e s  o f  E and  L from
P i g .  4 .1 8  f o r  ' f a s t '  r a t e s  t o  b e  u s e d ,  v i a : -  
E = 2 0 ,0  GPa
L -  2 ,0  m2 /GH f o r  beam s w i t , ,  j  = 1 0 1 ,6  mm
L -  1 0 ,2  m2/GN f o r  th e  s l a b  w i th  d  = 59 mm
L = 1 6 ,0  m2/GN f o r  th e  s l a b  w i th  d = 5 0 ,8  nun
(F o r  sp e c im en  d im e n s io n s , s e e  T a b le  4 .1 2 )
N ote  t h a t  L , th e  u n n o tc h ed  c o m p lia n c e , v a r i e s  w ith  beam o r  s l a b  d e p th ,  
b u t  i s  in d e p e n d e n t o f  beam o r  s l a b  w id th .  T h is  i s  c o n s i s t e n t  w i th  th e
d e f i n i t i o n  o f  c o m p lia n ce  i n  e q u a t io n  3 .1 0 .  The L f o r  th e  p a r t i c u l a r
sp e c im en  d e p th  i s  c a l c u l a t e d  fro m  th e  r e l a t i o n s h i p  o f  e q u a t io n  < 4 .1 ) ,  , 
w ith  E = 2 0 ,0  GPa.
T hose  t e s t s  w hich  m easu red  th e  l o n g i t u d i n a l  and t r a n s v e r s e  s t r a i n s  
i n  t h e  beam s in  a d d i t i o n  to  th e  lo a d  and d e f l e c t i o n ,  w ere  m o n ito re d  
on th e  N .E .P . U l t r a - V io l e t  r e c o r d e r .  T h is  p e rm i t te d  r e c o rd in g  o f  a 
s im u lta n e o u s  r e c o rd  o f  l o a d ,  d e f l e c t i o n  and  s t r a i n ,  w h ich  c o u ld  a f t e r ­
w ards b e  r e - p l o t t e d  i n  th e  fo rm  o f  l o a d - d e f l e c t i o n  c u rv e s  and s t r a i n -  
d e f l e c t i o n  c u r v e s . The o th e r  r e s t s  em ployed th e  s t i f f e n e d  lo a d -s p re a d e r
t i g  and  th e  250x125 mm I-b e am  s t i f f e n e d  t e s t  m a c h in e , e x c e p t  f o r  th e  two 
s l a b  sp e c im e n s . T h is  a llo w e d  th e  W atanabe X—Y p l o t t e r  to  b e  u se d  f o r  
th e  r e m a in in g  t e s t s ,  s in c e  s t a b l e ' t y p e  f r a c t u r e s  w ere  p ro d u ce d  by a l l  
th e  sp e c im e n s . A p h o to g ra p h  o f  th e  t e s t  s e t - u p  f o r  a  s l a b  t e s t  i s  
shown i n  F i g .  4 .3 1 .  I t  s h o u ld  b e  n o te d  t h a t  a l l  th e  d e f l e c t i o n  
m e asu rem en ts  i n  S e r ie s  5 w ere  v a l i d  m e asu re m en ts .
A l l  th e  sp e cim en s w ere  t e s t e d  w ith  a  m a jo r ,  s u p p o r t  sp a n  o f  
0 ,6 1 0  m, and  a  m ino r lo a d in g  sp a n  o f  0 ,2 0 3  m. The b a s i c  t e s t i n g  
a p p a r a tu s  was th e  same a s  f o r  p re v io u s  s e r i e s ,  and i s  f u l l y  d e s c r ib e d  
in  A ppendix  D. The d im e n s io n s  o f  th e  specim ens a r e  s e t  o u t  a t  th e  
f o o t  o f  T a b le  4 .1 2 ,  and com ply w ith  th e  s p e c i f i c a t i o n s  o f  R e f . 2 3 , p . 14.
(2) T e s t  R e s u lts
The r e s u l t s  o f  th e  t e s t s  on th e  s l a b  and beam sp e cim en s o f  S e r ie s  5 
a r e  p r e s e n te d  in  T a b le  4 .1 2 .  I n i t i a l  n o tc h  d e p th s  v a r i e d  from  6 ,4  m  
to  13 mm, and b /d  r a t i o s  fro m  0 ,2 9 5  to  4 , 0 .  Specim ens 5 .5  and 5 .6  
had  c a s t - i n  s t r a i n  ga u g es  w h ic h  m e asu re d  th e  lo n g i t u d in a l  and t r a n s v e r s e  
s t r a i n s .  The gauges w ere  s i t u a t e d  a p p ro x im a te ly  6 mm above  th e  n o tc h  
r o o t s ,  i . e .  a  t o t a l  o f  a p p ro x im a te ly  13 mm from  th e  t e n s io n  f a c e  o f  th e  
beam . The s t r a i n  ga u g es  w ere  m ounted a t  th e  c e n t r e  o f  t h in  c o p p er  
I - s e c t i o n s  d e s ig n e d  to  e x te n d  th e  gauge  le n g th  o f  th e  2 mm lo n g  s t r a i n  
g a u g e . T hese  c o p p er  I - s e c t i o n s  w ere  n o t  c o n s id e r e d  to  a f f e c t  th e  
f r a c t u r e  b e h a v io u r  o f  th e  beam b e f o r e  th e  c r i t i c a l  p o in t  o f  i n s t a b i l i t y  
was r e a c h e d . H ow ever, a f t e r  i n i t i a l  f r a c t u r e ,  th e  c o p p er I - s e c t i o n s  
a c te d  a s  t e n s i l e  r e in f o r c e m e n t  t o  th e  beam, and a f f e c t e d  th e  p o s t -  
c ra c k in g  b e h a v ii  i r .  F o r  t h i s  r e a s o n ,  th e  t r u e  e f f e c t i v e  f r a c t u r e  
s u r f a c e  e n e rg y  f o r  sp e c im en s  5 .5  and 5 .6 ,  c o u ld  n o t  b e  o b ta in e d ,  and 
th e  l o a d - d e f l e c t i o n  c u rv e  a f t e r  pe ak  lo a d  was u n r e p r e s e n ta t i v e  o f  th e  
a c t u a l  f r a c t u r e .
The n o tc h -d e p th  r a t i o s  a t  f a i l u r e  f o r  th e  s l a b s  w ere  c a l c u l a t e d  
a c c o rd in g  to  th e  m ethod o u t l i n e d  in  A ppendix  B, e x c e p t  t h a t  th e  r e l e v a n t  
Lq f o r  th e  p a r t i c u l a r  s l a b  d e p th  had  to  b e  u se d  ( s e e  s e c .  4 .2 .5  ( I ) . )
I t  was s t i l l  p e rm is s ib le ,  h o w ev e r, to  u se  th e  c o m p lia n c e -n o tc h  d e p th  
r e l a t i o n s h i p  o f  F ig . 3 . 3 ,  s in c e  t h i s  r e l a t i o n s h i p  i s  i n  te rm s o f  
d im e n s io n le s s  v a r i a b l e s .  T a b le  4 .1 2  shows t h a t  th e  s la b s ( s p e c im e n s
5 .1  and 5 .2 )  w ere f a r  m ore c o m p lia n t  th a n  th e  beam s (sp ec im e n s 5 .3  to  
5 .7 )  N e v e r t h e le s s ,  th e  c a l c u l a t e d  n o tc h -d e p th  r a t i o s  a t  f a i l u r e
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o f  th e  s la b s  and beam s w ere  c o m p arab le .
The f r a c t u r e  p a ra m e te r s  c a l c u l a t e d  fro m  th e  sp e cim en s o f  S e r ie s  5 
a r e  shown in  T a b le  4 .1 3 .  The i n i t i a l  n o tc h -d e p th  r a t i o s  o f  th e  sp e c im e n s , 
w h ich  w ere  a l l  n o tc h e d , v a r i e d  from  0 ,0 6 3  to  0 ,1 5 7 . On th e  b a s i s  o f  
th e  a v e ra g e  c u rv e s  o f  and v e r s u s  c /d  o f  F ig ,  4 .2 8 ,  i t  was assum ed
t h a t  any  v a r i a t i o n  o f  G o r  K f o r  th e  p r e s e n t  t e s t s  was due to  th e
v a r i a t i o n  o f  th e  b /d  r a t i o ,  and n o t  to  th e  v a r i a t i o n  o f  th e  c /d  r a t i o .
T h is  im p l ie s  t h a t  th e  v a r i a t i o n  o f  G o r  K f o r  th e  p r e s e n t  t e s t s  was 
due to  a change  in  th e  s t r e s s  f i e l d  a head  o f  th e  c r a c k ,  from  a  p re d o ­
m in a n tly  p la n e  s t r a i n  c o n d i t io n  in  th e  c a s e  o f  th e  s l a b s  to  a  p red o m i­
n a n t ly  p la n e  s t r e s s  c o n d i t io n  in  th e  c a s e  o f  th e  de ep  beam s.
D iagram s o f  th e  r e l e v a n t  r e s u l t s  and f r a c t u r e  p a ra m e te r s  a r e  g iv e n  in  
F i g . ' s  4 .3 2  and  4 .3 3 .
F i g .  4 .3 2  shows th e  v a r i a t i o n  o f  G and K w ith  b /d  r a t i o .  I n c lu d e d  
in  th e  p l o t  a r e  th e  a v e ra g e  v a lu e s  o f  G and K from  S e r ie s  3 and
4 , f o r  b /d  = 1 ,0 .  The f i g u r e  shows th e  a v e ra g e  c u rv e s  f o r  C and
K ,  a s  w e l l  a s  th e  l i m i t i n g  e n v e lo p e s .  The a v e ra g e  K v a lu e  
v a r i e s  fro m  1 ,3 6  MN/m1/ 5 f o r  b /d  = 0 ,3 5  to  0 ,5 2  MN/ai1’ 5 f o r  b /d  
= 4 ,0 ,  w h ile  th e  c o r r e s p o n d in g  v a lu e s  f o r  G a r e  8 4 ,0  N/m to  1 4 ,5  N/m. 
I t  sh o u ld  b e  s t r e s s e d ,  how ever, t h a t  th e  c u rv e s  a r e  d e r iv e d  fro m  
t e s t s  on o n ly  s e v e n  sp e c im e n s , b e s id e s  th e  a v e ra g e  v a lu e s  from  
S e r ie s  3 and 4 . I n  p a r t i c u l a r ,  th e  r e s u l t s  s h o u ld  b e  v iew ed 
w ith  c a u t io n  f o r  b /d  r a t i o s  g r e a t e r  th a n  1 ,0 ,  and l e s s  th a n  a b o u t 
0 , 5 .  F o r  b /d  g r e a t e r  th a n  1 ,0 ,  o n ly  two t e s t  r e s u l t s  w ere  a v a i l a b l e ,  
and f o r  b /d  l e s s  th a n  0 , 5 ,  d i f f i c u l t y  was e x p e r ie n c e d  i n  m o n ito r in g  
th e  t e s t s  a c c u r a t e l y .  T h is  i s  shown by th e  i n c r e a s in g  s c a t t e r  i n  
r e s u l t s  a s  th o  b /d  r a t i o  d e c r e a s e s .  N e v e r t h e le s s ,  on th e  b a s i s  
o f  th e  r a t h e r  l im i t e d  r e s u l t s  a v a i l a b l e ,  th e r e  d o e s seem  to  b e  a 
t r e n d  o f  b o th  G and K w i th  b /d  r a t i o ,  and th e  t h in n e r  beams 
seem  to  p ro d u c e  a h ig h e r  m e asu re d  f r a c t u r e  to u g h n e ss  th a n  th e  
th i c k e r  s l a b s .  S e r ie s  5 was in te n d e d  to  m e re ly  p r o v id e  a  t e n t a t i v e  
i n i t i a l  e v a lu a t i o n  o f  th e  e f f e c t s  o f  p la n e  s t r e s s / s t r a i n ,  and much 
m ore w ork w ould  b e  r e q u i r e d  to  c o n f id e n t ly  d e f in e  a d e f i n i t e  
r e l a t i o n s h i p  b e tw een  th e  f r a c t u r e  p a ra m e te r s  a n d  sp e c im en  d im e n s io n s . 
The c u rv e s  o f  F ig .  4 .3 2  c a n n o t b e  r e g a rd e d  a s  b e in g  m ore th a n  
a ssu m p tio n s  o f  th e  p o s s ib l e  t r e n d  o f  th e  f r a c t u r e  p a ra m e te r s  w ith  
b /d  r a t i o .  I t  i s  c l e a r ,  th o u g h , t h a t  sp e c im en  d im e n s io n s  e x e r c i s e
T a b le  4 ,1 3  F r a c tu r e  P a ra m e te rs  Tot S e r ie s  5 : 
P l a n e  S t r e a s / S t r a i n  T e s ts
4
L o ad in g  System  
Specim en No. 
(Cube S t r .
I n i t i a l
Pm /s c)
Gc Kc 
(N/m) (MN/m1) s )(N /m )
s (3 1 ,9 7 )
8 ,0 4 ,0 0 6 ,5 100 1 4 ,5 0 ,5 2 1 9 ,5
B
a 5 .2
(3 2 ,4 2 ) 13,0 3 ,429 6 ,0 100 1 4 ,2 0 ,5 1 1 9 ,8
1
(31.97) 1 3 ,0 0 ,7 3 8 1 0 ,0 .5 ,7 2 1 ,1 0 ,6 4 4 1 ,2
I S
5 .4
(M.42) 1 2 ,0 0 ,6 7 9
a
2 ,7 3 ,5 2 2 ,8 0 ,6 6 2 6 ,8
H
5 .5
(33.13) 6 ,3 5 0 ,6 2 0 - 9 4 ,5 1 .3 3 -
a
e S 5 .6
(33,13) 6 ,3 5 0 ,3 3 5 - 151 ,1 1 ,6 6 -
if4
(32 ,42 ) 12,7 0 ,2 9 5 4 ,4 2 ,4 28 ,1 0 ,7 3 2 3 ,4
Fo r D e t a i l s  o f  Specim en D im e n s io n s , s e e  T a b le  4 .1 2
’F a s t ’ S t r a i n  R a te  > 1 ,0  pm /sec  
'S lo w ' S t r a i n  R a te  < 1 ,0  pm /sec
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a m arked  in f lu e n c e  on Che m e asu re d  f ra c C u re  v a lu e s ,  and t h a t  some 
r e s t r i c t i o n s  w i l l  ne ed  to  b e  p la c e d  on a l lo w a b le  specim en  d im e n s io n s  
f o r  a  v a l id  f r a c t u r e  t e s t  on cem en ted  m a t e r i a l s .  G e n e ra l ly ,  th e  
t h i c k e r  s e c t i o n s  g iv e  lo w e r  v a lu e s  o f  and G , i n d i c a t i n g  t h a t  
a  m ore t r u l y  p la n e  s t r a i n  c o n d i t io n  a p p l i e s  i n  th e  sp e cim en .
F i g .  4 .3 3 ( a )  and (b ) shows th e  l o a d - d e f l e c t i o n  c u rv e s  and th e  s t r a i a -  
d e f l e c t i o n  c u rv e s  f o r  th e  two beams 5 .5  and 5 .6  o f  S e r ie s  5 r e s p e c ­
t i v e l y .  The b /d  r a t i o  o f  beam 5 .5  was 0 ,6 2 ,  and  t h a t  o f  beam
5 .6  was 0 ,3 3 5 . The p o s t - p e a k  p o r t i o n s  o f  th e  lo a d - d e f l e c t i o n  
c u rv e s  a r e  show n, b u t  th e y  w ere  a f f e c t e d  by  th e  c a s t - i n  c o p p er 
I - s e c t i o n s  on w h ich  th e  s t r a i n  ga u g es  w ere  m ounted , and  a r e  th e r e f o r e  
u n r e p r e s e n ta t i v e .  The f o l lo w in g  p o in ts  s h o u ld  b e  n o te d  fro m  th e  
c u rv e s
( i )  The lo a d - d e f l e c t i o n  c u rv e  d e v ia t e s  fro m  t r u e  l i n e a r i t y  a t  
a b o u t 50 p e r  c e n t  o f  th e  p e a k  lo a d .  T h is  a g re e s  w ith  o b s e rv a t io n s  
b y  G lu c k l ic h 13 .
( i i )  The f a i l u r e  s t r a i n  ( l o n g i t u d i n a l ) , r e p r e s e n te d  by  th e  s t r a i n  
a t  th e  pe ak  lo a d ,  o f  beam 5 .5  w as 80 m i c r o s t r a i n s ,  and t h a t  o f  beam
5 .6  was 198 m i c r o s t r a i n s .  N o te , h o w ev e r, t h a t  a s  th e  c ra c k  p ro p a ­
g a t e s  so th e  s t r a i n  becom es c o n c e n t r a te d  i n  th e  c ra c k ,  and  th e r e f o r e  
i n c r e a s e s  r a p i d l y .  The s t r a i n s  w ere  m o n ito re d  i n  th e  n o tc h  c r o s s -  
s e c t i o n ,  and th e r e f o r e  r e p r e s e n t  th e  f r a c t u r e  s t r a i n s  o f  th e  beam , 
( i i i )  The f a i l u r e  s t r a i n  ( t r a n s v e r s e )  o f  beam 5 .5  was 57 m ic ro s  
s t r a i n s  and t h a t  o f  5 .6  was 68 m ic r o s t r a in s .
H ow ever, th e  m easu red  f r a c t u r e  to u g h n e s s  o f  beam 5 .5  was K = 1 ,3 3  
MN/m1* 5, w h ile  t h a t  o f  beam  5 .6  was 1 ,6 6  MN/m1/ s . I t  i s  p o s s ib l e  
t h a t  a  s m a ll change  i n  th e  s t r e s s / s t r a i n  f i e l d  ahead  o f  th e  c ra c k  
t i p  c o u ld  a c c o u n t  f o r  a  l a r g e  ch an g e  in  m e asu re d  f r a c t u r e  to u g h n e s s .
( i v )  The m easu red  P o i s s o n 's  R a t io  v  ("e .p /e ^ )  f o r  th e  i n i t i a l  
l i n e a r  e l a s t i c  p o r t i o n  o f  th e  c u rv e s  v a r i e d  from  an a v e ra g e  o f  
0 ,0 8  f o r  beam 5 .6  to  an a v e ra g e  o f  1 ,0 2  f o r  beam 5 .5 .  How ever, 
i t  i s  p o s s ib l e  t h a t  th e  i n  beam 5 .5  was n o t  a c c u r a t e l y  m o n ito re d , 
s in c e  th e  m easu red  f a i l u r e  s t r a i n  was o n ly  80 m i c r o s t r a in s .
I n a c c u r a t e  m easu rem en t c o u ld  r e s u l t  from  s l i p p a g e  b e tw een  th e  gauge 
and  th e  c o p p er  I - s e c t i o n .
C h a r a c t e r i s t i c  lo a d - d e f l e c t i o n  c u rv e s  f o r  th e  sp e cim en s w ere  v e ry  s im i l a r  
t o  th o s e  p r e s e n te d  p r e v io u s ly  in  F ig .  4 .2 7 ,  i . e .  a l l  th e  beams e x h ib i te d
, ( m )  d  ' uj-oay  uo Fx>o- 1
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a n  i n i t i a l  s t r a i g h t  l i n e  p o r t i o n  w hich  becam e more c o m p lia n t a t  f a i l u r e  
d u e  to  s lo w  c ra c k  g ro w th  fro m  th e  c a s t - i n  n o tc h e s ,  S t a b le  ty p e  
f r a c t u r e s  w ere  r e c o rd e d  f o r  a l l  th e  sp e c im e n s . The s l a b  sp e cim en s 
w ere  c o n s id e r a b ly  m ore c o m p lia n t th a n  th e  beam sp e c im e n s , and th e y  
a l s o  e x h ib i t e d  a c o m p le te ly  s t a b l e - t y p e  f r a c t u r e  d e s p i t e  th e  f a c t  t h a t  
th e  u n s t i f f e n e d  t e s t i n g  m ach ine  was u se d  i n  o r d e r  to  t e s t  them .
From  T a b le  4 .1 3 ,  y  d o e s n o t  show a s  g r e a t  a  v a r i a t i o n  w ith  b /d  a s  
d o e s G o r  K . F o r  t h i s  r e a s o n ,  a s  w e l l  a s  d u e  to  th e  la c k  o f  r e s u l t s  
f o r  y ,  no  p l o t  o f  y  v e r s u s  b /d  i s  show n. N e v e r th e le s s ,  T a b le  4 .1 3  
i n d i c a t e s  t h a t  th e  m easu red  e f f e c t i v e  f r a c t u r e  s u r f a c e  e n e rg y  seem s to  
in c r e a s e  w i th  d e c r e a s in g  b /d  r a t i o ,  i . e .  y  i n c r e a s e s  a s  th e  c o n s t r a i n t  
o n  th e  Specim en d e c r e a s e s .
To c o n c lu d e , th e  d im e n s io n s  o f  a  f r a c t u r e  sp e c im en  seem  to  s i g n i f i ­
c a n t ly  a f f e c t  th e  m e asu re d  f r a c t u r e  to u g h n e s s  o f  th e  sp e c im en . T e s ts  
i n  S e r i e s  5 on a  cem en ted  m a te r i a l  i n d i c a t e d  t h a t  p la n e  s t r a i n  c o n d i t io n s  
a r e  m ore t r u l y  a p p ro a c h e d  in  t h i c k  s la b s  t h a n  in  t h i n ,  deep  beam s. 
H ow ever, much w ork s t i l l  n e e d s  t o  b e  done  to  a r r i v e  a t  n e c e s s a r y  
minimum, d im e n s io n s  f o r  f r a c t u r e  t e s t s  on cem en ted  m a t e r i a l s ,  and th e  
f i e l d  i s  s t i l l  l a r g e ly  „ n e x p lc re d .
4 .2 .6  S e r i e s  6 : S tu d y  o f  N o tched  A sp h a l t Beams 
S e r ie s  6 was th e  b r i e f e s t  t e s t  s e r i e s  o f  th e  la b o r a to r y  t e s t  program m e, 
and was aim ed a t  p r o v id in g  a  v e ry  b r i e f ,  in t r o d u c to r y  s tu d y  o f  th e  
f r a c t u r e  b e h a v io u r  o f  n o tc h e d  a s p h a l t  beams i n  th e  low  te m p e ra tu re  
r a n g e ,  a s  a c o m p ariso n  w i th  th e  f r a c t u r e  b e h a v io u r  o f  th e  c em en t- 
n io rca r  sp e c im en s  o f  S e r i e s  1 to  5 . F iv e  a s p h a l t  beam s o f  n o m in a l 
s i z e  101x101x610 mm w ere  t e s t e d  a t  a  te m p e r a tu re  o f  a b o u t  m inus tw e n ty  
f i v e  d e g re e s  C e l s iu s ,  i n  o r d e r  to  e x h i b i t  b r i t t l e  f r a c t u r e .  T h is  
te m p e r a tu re  was w e l l  be low  th e  g l a s s  t r a n s i t i o n  te m p e r a tu re ,  Tg , o f  th e  
a s p h a l t ,  w h ic h  was e s t im a te d  to  h av e  b e e n  a  few  d e g re e s  be low  f r e e z in g .  
(A ttem p ts  to  t e s t  beams a t  t e m p e r a tu re s  above  Tg f a i l e d  due to  th e  
e x c e s s iv e  v i s c o - e l a s t i c  d e fo r m a tio n s  o f  th e  beams u n d e r  s e l f - w e i g h t ) .
One beam was u n n o tc h e d , th r e e  beam s had i n i t i a l  n o tc h  d e p th s  o f  1 2 ,7  mm, 
and  one beam had  an  i n i t i a l  n o tc h  d e p th  o f  2 5 ,4  mm. A ll  th e  n o tc h e s  
w ere  sawn i n t o  th e  beams a f t e r  c a s t i n g .  The a s p h a l t  m ix was a g a p - 
g ra d e d  m ix d e s ig n e d  to  B .S . 59 4 , and  em ployed m ine  sa n d  a s  f i n e  a g g re ­
g a t e  and c ru sh e d  g r a n i t e  a s  c o a r s e  a g g re g a te .
(1 ) T e s t  S e t-U p  and P ro c e d u re
The t e s t s  on th e  a s p h a l t  beam s w ere  d e s ig n e d  to  show  th e  v a r i a t i o n  
o f  f r a c t u r e  p a ra m e te r s  w i th  s t r a i n  r a t e  f o r  a  c o n s t a n t  n o tc h  d e p th  
o f  12,7. mm, a s  w e l l  a s  th e  v a r i a t i o n  o f  f r a c t u r e  p a ra m e te r s  w ith  
n o tc h  d e p th  f o r  a  c o n s t a n t  s t r a i n  r a t e .  Due to  th e  l im i t e d  num ber o f  
a s p h a l t  sp e cim en s a v a i l a b l e ,  o n ly  one u n n o tc h ed  beam was t e s t e d ,  and no 
v a r i a t i o n  o f  E o r  1  w i th  s t r a i n  r a t e  c o u ld  b e  e s t a b l i s h e d .  I t  was 
t h e r e f o r e  assum ed t h a t  f o r  s t r a i n  r a t e s  g r e a t e r  th a n  1 ,0  p m /s e c , th e  
f r a c t u r e  b e h a v io u r  o f  th e  beams w ould  b e  u n a f f e c te d  by s t r a i n  r a t e ,  
a s  was th e  c a s e  f o r  th e  m a t te r  beams o f  S e r ie s  3 and 4 .
"hi? t e s t s  o f  S e r i e s  6 w ere  done on th e  t r i a x i a l  m a ch in e  s e t - u p  
u se d  f o r  th e  t e s t s  o f  S e r ie s  3 .  T h is  a llo w e d  c o n t r o l l e d  r a t e s  o f  
d e f l e c t i o n  to  b e  a p p l ie d  to  th e  beam sp e c im e n s . The m ach ine  c h a ra c ­
t e r i s t i c s  and b a s i c  a p p a r a tu s  a r e  a s  d e s c r ib e d  i n  s e c t i o n  4 .2 .3  (1 ) 
and A ppendix  D. E ach  sp e c im en  was s h e a th e d  i n  a  p l a s t i c  b a g  b e fo r e  
f r e e z i n g ,  i n  o r d e r  to  p r e v e n t  th e  beam from  w arm ing up to o  q u ic k ly  
d u r in g  th e  t e s t ,  w h ich  was done a t  room te m p e r a tu re .  The lo n g e s t  
t e s t  r a n  f o r  a b o u t tw e n ty  m in u t e s , and th e  beam showed no s ig n s  o f  
e x c e s s iv e  v i s c o - e l a s t i c  d e fo rm a tio n  d u r in g  t h i s  p e r io d  a s  d id  beams 
above th e  g la s s  t r a n s i t i o n  te m p e r a tu re .  I t  was t h e r e f o r e  assum ed 
th a t  th e  specim ens rem a in e d  b e lo w  T f o r  th e  d u r a t i o n  o f  th e  t e s t s .
The W atanabe X-Y r e c o r d e r  was u se d  to  r e c o rd  th e  t e s t s  o f  S e r ie s  6 . 
A lth o u g h  l e s s  s t a b l e  ty p e  f r a c t u r e s  o f  th e  beams w ere  p ro d u ce d  on th e  
t r i a x i a l  m ach ine  th a n  w ould  h av e  be en  p ro d u ce d  i f ,  s a y ,  a  h y d r a u l i c  
t e s t i n g  m ach ine  had  b e e n  u s e d , n e v e r t h e l e s s , th e  X-Y r e c o r d e r  was 
c a p a b le  o f  r e c o rd in g  th e  l o a d - d e f l e c t i o n  c u rv e s  f o r  th e  sp e c im en s .
(2 ) T e s t  R e s u lts
Two a s su m p tio n s  h c d  to  b e  made in  o r d e r  t o  a n a ly s e  th e  t e s t  r e c o rd s  
and e v a lu a t e  th e  f r a c t u r e  p a r a m e te r e : -
(a )  The v a lu e  o f  E (and th e  c o rre s p o n d in g  L ) a s  o b ta in e d  i n  th e  
' f a s t '  t e s t  on th e  unn o tc h ed  specim en  c o u ld  b e  a p p l ie d  to  a l l  
s t r a i n  r a t e s  i n  th e  t e s t s .  T h is  a ssu m p tio n  had  Co b e  made i n  th e  
a b se n c e  o f  an  e x p e r im e n ta l  r e l a t i o n s h i p  b e tw ee n  Y oung’ s M odulus 
and s t r a i n  r a t e .  The e f f e c t  o f  t h i s  a s su m p tio n  was to  re d u c e  th e  
a p p a r e n t  v a lu e s  o f  K and U f o r  th e  low er s t r a i n  r a t e s  w here  E
a n d  L c an  v a ry  s i g n i f i c a n t l y  from  th o s e  v a lu e s  m easu red  i n  ' f a s t '
(b ) The t h e o r e t i c a l  c o m p lia n c e -n o tc h  d e p th  c u rv e  o f  F ig .  3 .3  w ith  
v = 0 , l  a p p l i e s  t o  th e  a s p h a l t  beam s. A lth o u g h  F ig ,  3 .3  t h e o r e t i c a l l y  
a p p l i e s  t o  any  m a t e r i a l ,  i t  i s  c o n c e iv a b le  t h a t ,  f o r  a  h ig h ly  
v i s c o - e l a s t i c  m a te r i a l  l i k e  a s p h a l t ,  w here  c re e p  and o th e r  t im e -  
. d e p e n d e n t d e fo r m a tio n s  c an  m a rk e d ly  in f lu e n c e  th e  m easured  c o m p lia n c e , 
c o n s id e r a b le  e r r o r s  m ig h t b e  in t r o d u c e d  in to  th e  c a l c u l a t e d  v a lu e s  
o f  th e  f r a c t u r e  pa ram fete re  by u s in g  F i g .  3 .3 .
H ence, th e  r e p o r te d  r e s u l t s  and  f r a c t u r e  p a ra m e te r s  f o r  S e r ie s  6 sh o u ld  
be  r e g a rd e d  w ith  c a u t io n . G e n e ra l ly ,  th e  r e s u l t s  from  th o s e  beams t e s t e d  
a t  lo w e r  s t r a i n  r a t e s  a r e  p ro b a b ly  l e s s  a c c u r a t e  th a n  th o s e  t e s t e d  a t  
h ig h e r  s t r a i n  r a t e s ,  b u t  no q u a n t i f i a b l e  e s t im a te  o f  th e  e r r o r s  c c u ld  
be  o b ta in e d .  The r e s u l t s  o f  th e  t e s t s  f o r  S e r ie s  6 a r e  p r e s e n te d  in  
T a b le  4 .1 4 .  The E and L v a lu e s  assum ed f o r  a n a ly s i s  o f  th e  r e s u l t s  w e r e : -  
E = 9 ,4  GPa 
Lq = 4 ,3  m2 /GN ( i . e .  GPa- 1 )
One p o in t  s h o u ld  be n o te d  from  T ab le  4 .1 4 .  The change  i n  co m p lia n ce  
a t  f a i l u r e ,  AL. f o r  specim en  6 .4 ,  f a r  e x ce ed e d  th e  ch an g es i n  c o m p lia n ce  
f o r  t h e  o th e r  sp e c im e n s . T h is  was b e c a u s e  specim en  6 .4  was lo a d ed  
a t  a  r e l a t i v e l y  low  s t r a i n  r a t e ,  and e x p e r ie n c e d  e x c e s s iv e  v i s c o ­
e l a s t i c  d e fo rm a tio n  d u r in g  t e s t i n g .  F r a c tu r e .  M echanics th e o ry  assum es 
t h a t  su c h  a  change  in  c o m p lia n ce  i s  a t t r i b u t a b l e  t c  alow  c ra c k  grow th  
p r i o r  to  f a i l u r e ,  b u t  i n  th e  c a s e  o f  th e  a s p h a l t  b eam s, t h i s  was n o t  
n e c e s s a r i l y  t r u e .  The AL f o r  specim en  6 .4  was p r o b a b ly  m a in ly  due  to  
v i s c o - e l a s t i c  d e fo rm a tio n  r a t h e r  th a n  s lo w  c ra c k  g ro w th . F o r beam 
6 .4 ,  t h e  a p p a r e n t  c ra c k  d e p th  a t  f a i l u r e ,  a s  c a l c u l a t e d  from  AL, was 
th e r e f o r e  v e ry  l a r g e  (6 6 ,0  mm) w h ereas Che a c t u a l  c ra c k  d e p th  a t  f a i l u r e  
w as p r o b a b ly  n o t  much l a r g e r  th a n  th e  i n i t i a l  n o tc h  d e p th  o f  1 2 ,7  mm.
A ls o , t h e  s t r a i n  r a t e  d id  n o t  h av e  a  l a r g e  in f lu e n c e  on th e  f a i l u r e  
lo a d  o f  th e  sp e c im en , a s  s e e n  from  colum n 3 o f  T ab le  4 .1 4 .
The f r a c t u r e  p a ra m e te r s ,  e v a lu a te d  u s in g  th e  a s su m p tio n s  m e n tio n e d  
p r e v io u s ly ,  a r e  shown i n  T a b le  4 .1 5 .  T h ese  v a lu e s ,  how ever, sh o u ld  be 
v iew ed  w ith  c a u t io n .  Specim en 6 .4 , f o r  i n s t a n c e ,  h a s  f r a c t u r e  to u g h n e s se s  
w hose v a lu e s  f a r  exceed  th o s e  o f  th e  o th e r  sp e c im e n s . T h is  i s  d i r e c t l y  
due  to  th e  v i s c o - e l a s t i c  d e fo rm a tio n  o f  th e  specim en  u n d e r  th e  low 
lo a d in g  r a t e .  P r o v is io n  f o r  th e  s e p a r a t e  e f f e c t s  on f a i l u r e  co m p lia n ce
a t a  ja p e a a d s  p e o i  paiia.Tj-Tjs 
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T a b le  4 .1 5  F r a c tu r e  P a ra m e te rs  f o r  S e r ie s  6 : 
A sp h a l t Beams
1 4 5
Loading  S y s te i 
Specim en No.
(p m /se c)
Gc
(N/m)
Kc
(MN/m1’ 5) (N/m)
6 .1 2 1 ,8 N otch 7 8 ,6 0 ,8 5 7 6 ,4
b 6 .2 8 ,8 ■g 139 ,1 1 ,1 1 9 6 ,3
g
4
3
%
2 ,4
I
1 4 6 ,2 0 ,6 4 5 8 ,1
1
6 .4 0 ,6 1 £ 1 3 1 2 ,0 3 ,2 1 2 86 ,3
5 .5 7 ,1 25 ,4 95 ,1 0 ,9 0 74 ,2
'F a s t '  S t r a i n  R a te  > 1 ,0  pm /set 
'S lo w ' S t r a i n  R a te  < 1 ,0  pm/sec
: ■ I
o f  s lo w  c ra c k  g ro w th  and c re e p  and  o th e r  tim e -d e p e n d e n t  d e fo rm a tio n s  
h a s  n o t  y e t  b e e n  made in  th e  b a s i c  F r a c tu r e  M echan ics  r e l a t i o n s h i p s  
f o r  m a te r i a l s  t h a t  e x h i b i t  su c h  e x tra n e o u s  d e fo r m a tio n s .  The r e s u l t  
i s  t h a t  a  p s e u d o - f r a c tu r e  to u g h n e ss  i s  e v a lu a te d  f o r  such  sp e c im e n s , 
w h ich  i s  n o t  a  m easu re  o f  th e  t r u e  f r a c t u r e  to u g h n e s s  o f  th e  m a t e r i a l .  
F o r  ex am p le , sp e c im en  6 .4  h as a p s e u d o - f r a c tu r e  to u g h n e ss  o f  3 ,2 1  MN/m*' 
w h ich  i s  w e l l  above th e  a v e ra g e  f o r  th e  o th e r  beam s. N e v e r t h e le s s ,  a  
m a te r i a l  l i k e  a s p h a l t  by  v i r t u e  o f  i t s  g r e a t e r  d u c t i l i t y  i n  c o m p ariso n  
to  o th e r  cem en ted  m a t e r i a l s ,  e x h i b i t s  h ig h e r  v a lu e s  o f  f r a c t u r e  tou g h n es 
th a n  th e  cem ent m o r ta r  u se d  in  S e r ie s  1 to  5 . F o r  i n s t a n c e ,  th e  
a v e ra g e  K v a lu e  f o r  specim ens 6 .1  to  6 .3  and 6 .5  i s  0 ,8 8  MN/m1’ 5 , 
com pared to  th e  a v e ra g e  K v a lu e  f o r  th e  n o tc h e d  m o r ta r  sp e cim en s o f  
0 ,7 3  MN/m1’ 5 . I n  a d d i t i o n ,  th e  a s p h a l t  beam s w ere  l e s s  n o t c h - s e n s i t i v e  
th a n  th e  m o r ta r  beam s, a s  shown by th e  r e l a t i v e l y  s m a ll e f f e c t  o f  n o tc h  
d e p th  on  f a i l u r e  lo a d  o f  th e  sp e c im en . The n o tc h  i n  an  a s p h a l t  beam 
do e s n o t  r e p r e s e n t  a s  i n t e n s e  a  s t r e s s  c o n c e n t r a t io n  a s  d o e s  th e  n o tc h  
in  a m o r ta r  beam , and th e  g r e a t e r  d u c t i l i t y  o f  th e  a s p h a l t  a l lo w s  
l o c a l  h ig h  s t r e s s  c o n c e n t r a t io n  to  b e  r e l i e v e d  u n d e r  lo a d  by f lo w  o f  
th e  m a te r i a l .
C u rves o f  th e  f r a c t u r e  p a ra m e te r s  v e r s u s  th e  n o tc h -d e p th  r a t i o  
and s t r a i n  r a t e  a r e  n o t  p r e s e n te d  due  to  th e  la c k  o f  a v a i l a b l e  r e s u l t s .  
C h a r a c t e r i s t i c  l o a d - d e f l e c t i o n  c u rv e s  a r e  p r e s e n te d  i n  F i g . ' s  4 .3 4  
and 4 .3 5 .  A s p h a l t ,  b e in g  a  m ore ' d u c t i l e 1 m a t e r i a l  th a n  m o r ta r ,  
e x h ib i t e d  s t a b l e  ty p e  f r a c t u r e s ,  ev en  i n  th e  c a s e  o f  th e  u n n o tc h ed  
beam . G e n e ra l ly ,  d e f l e c t i o n s  o f  th e  a s p h a l t  beam s w ere  g r e a t e r  th a n  
th o s e  o f  th e  m o r ta r  beam s.
F ig .  4 .3 4  shows th e  c h a r a c t e r i s t i c  l o a d - d e f l e c t i o n  c u rv e  f o r  th e  
u n n o tc h ed  beam 6 .1 ,  su p e rim p o sed  on th e  lo a d - d e f l e c t i o n  c u rv e  o f  
a t y p i c a l  u n n o tc h ed  m o r ta r  beam , r e p ro d u c e d  from  F ig .  4 .2 7 .  The 
g r e a t e r  d u c t i l i t y  o f  th e  a s p h a l t  beam i s  c l e a r l y  shown by th e  
e x i s t e n c e  o f  a c o n s id e r a b le  t a i l  p o r t i o n  to  th e  c u rv e .
F ig .  4 .3 5  shows th e  l o a d - d e f l e c t i o n  c u rv e  f o r  th e  1 2 ,7  mm n o tc h e d  
specim en  6 .4 ,  i n  o r d e r  to  g iv e  an id e a  o f  th e  e x c e s s iv e  d e f l e c t i o n s  
p ro d u ce d  by a s p h a l t  beams lo a d e d  w i th  low  s t r a i n  r a t e s .  A c h a r a c te ­
r i s t i c  l o a d - d e f l e c t i o n  c u rv e  f o r  a  1 2 ,7  mm n o tc h e d  m o r ta r  beam i s  
a l s o  show n in  F ig .  4 .3 5 ,  a s  a c o m p ariso n  w i th  th e  a s p h a l t  sp e c im en . 
The m o r ta r  beam was s e l e c t e d  from  th e  t e s t s  o f  S e r ie s  4 and had  a
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F i g . 4 - 3 5 '  L o a d - D e f - l- E C t i o n  C u r v e s  r o R  12,7 mm 
N o t c h e d  A s p h a l t  a n d  M o r t a r  B»~e a m s
s t r a i n  r a t e  o f  1 ,5  tW s e c ,  c o m p arab le  to  th e  s t r a i n  r a t e  o f  0 ,6 1  
p m /sec  o f  th e  a s p h a l t  beam,
A l l  t h e  a s p h a l t  beams i n  S e r i e s  6 showed two p e r io d s  o f  r a p id  c ra c k  
p r o p a g a t io n  d u r in g  t e s t i n g ,  one  a t  th e  p o in t  o f  i n s t a b i l i t y  a t  p e a k  lo a d ,  
and th e  o th e r  j u s t  p r i o r  to  f i n a l  f a i l u r e .  T h is  im p l ie s  t h a t  th e  
G r i f f i t h  e n e rg y  b a la n c e  i s  s a t i s f i e d  b o th  a t  p e a k  lo a d  i n s t a b i l i t y ,  and 
j u s t  b e f o r e  f i n a l  f r a c t u r e .
The b a s i c  t e s t  r e s u l t s  o f  C h a p te r  4 i n d i c a t e d  t h a t  specim en  d im e n s io n s  
and lo a d in g  m ach ine  s e t - u p  h a d  s i g n i f i c a n t  e f f e c t s  on th e  f r a c t u r e  
p a ra m e te r s  m easu red  i n  f r a c t u r e  t e s t s  on  cem en ted  m a t e r i a l s .  T hese  
r e s u l t s  a llo w e d  th e  s u g g e s t io n  o f  i n i t i a l ,  t e n t a t i v e  t e s t  c r i t e r i a  
i n  o r d e r  to  p ro d u c e  a v a l i d  f r a c t u r e  t e s t  on m a te r i a l s  l i k e  cem ent 
m o r t a r s . T h ese  c r i t e r i a ,  and f u r t h e r  c o n c lu s io n s  d raw n fro m  th e  t e s t s ,  
a r e  p r e s e n te d  in  C h a p te r  5 .
I t  was s t a t e d  i n  s e c t i o n s  1 .4 .1  and  1 .4 .2  t h a t  f r a c t u r e  s u r f a c e  a re a  
and e n e rg y  o f  co. n te d  m a te r i a l s  c o u ld  r e f e r  to  th e  h a rd e n e d  cem ent 
p a s t e ,  o r  th u  a g g r e g a te ,  o r  th e  a g g re g a e e - p a s t a  i n t e r f a c e .  C ra ck in g  
i n  su c h  m a te r i a l s  i s  n o t  l im i t e d  to  one  c r i t i c a l  c r a c k ,  b u t  in v o lv e s  
e x te n s iv e  m ic r o -c ra c k in g  i n  th e  h ig h ly  s t r e s s e d  zone ahead  o f  and  s u r ­
r o u n d in g  th e  m ain c r a c k .  The f r a c t u r e  o u t f a c e s  p ro d u ce d  by th e  m o r ta r  
and a s p h a l t  sp e cim en s t e s t e d  i n  th e  l a b o r a to r y  c o n firm e d  th e s e  i d e a s .
I n  b o th  c a s e s ,  th e  m a in  c ra c k  was n o t  l im i t e d  to  th e  cem e n tin g  com ponent 
a lo n e ,  b u t  was o b se rv e d  to  h a v e  a dvanced  th ro u g h  and a round  th e  a g g re g a te  
p a r t i c l e s ,  a s  w e l l  a s  p r o p a g a tin g  th ro u g h  th e  cem ent p a s t e .
P ig .  4 .3 6  shows p h o to g ra p h s  o f  th e  f r a c t u r e  s u r f a c e s  p ro d u ce d  by th e  
m o r ta r  and a s p h a l t  b e am s. I n  th e  c a s e  o f  th e  m o r ta r  beam s, th e  f r a c t u r e  
s u r f a c e s  o f  th e  two l e f t - h a n d  sp e c im en s  w ere  in k -s h a d e d  b e f o r e  p h o to ­
g ra p h in g , to  show up th e  c le a v a g e  s u r f a c e s  o f  th e  c ru sh e d  g r a n i t e  
a g g re g a te  w here  th e  c r a c k  had  p ro p a g a te d  th ro u g h  th e  a g g re g a te  i t s e l f  
( b o th  f e l s p a r s  and q u a r tz  p a r t i c l e s ) . The w h ite  m arks on th e  f r a c t u r e  
s u r f a c e s  o f  th e  a s p h a l t  beam s show  w here  th e  c ra c k  p ro p a g a te d  th ro u g h  
th e  c o a r s e  a g g re g a te  g r a n i t e  c h ip s .  I n  a d d i t i o n ,  th e  o c c u r re n c e  o f  
e x te n s iv e  m ic r o -c ra c k in g  s u r ro u n d in g  th e  m ain  c ra c k  was d e m o n s tra te d  
b y  th e  e a s e  w i th  w hich  th e  m a t e r i a l  c o u ld  b e  f la k e d  away from  th e  
f r a c t u r e  s u r f a c e s .
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The p u rp o se  o f  c h is  c h a p te r  i s  to  a t te m p t to  sum m arise  and d raw  to g e th e r  
th e  c o n c lu s io n s  from  th e  p r e v io u s  c h a p te r s ,  s p e c i f i c a l l y  C h a p te r  4 ,
T h a t c h a p te r  h ig h l i g h t e d  th e  ne ed  f o r  f u r t h e r  th o ro u g h  i n v e s t i g a t i o n  
o f  e f f e c t s  such  a s  c re e p  and o th e r  t im e -d e p e n d e n t d e fo r m a tio n s ,  s t r a i n  
r a t e  and sp e c im en  d im e n s io n s  on th e  m easu red  f r a c t u r e  p a r a m e te r s , i n  
o r d e r  to  a r r i v e  a t  some l o g i c a l  and  u n ifo rm  m ethod o f  f r a c t u r e  t e s t i n g  
o f  cem ented  m a t e r i a l s .  A f r a c t u r e  t e s t ,  i n  o r d e r  to  p ro d u c e  r e l i a b l e  
r e s u l t s ,  m ust b e  d e s ig n e d  and p e rfo rm ed  w ith  p r a c t i c a l  c o n d i t io n s  i n  
m ind , and th e  l i n k  b e tw ee n  e x p e r im e n ta l  t e s t i n g  and p r a c t i c a l  a p p l i c a ­
t i o n  m u st n o t  b e  n e g le c te d .  T h is  c h a p te r  t h e r e f o r e  p u ts  fo rw a rd  some 
t e n t a t i v e  c r i t e r i a  f o r  th e  v a l i d  f r a c t u r e  t e s t i n g  o f  cem en ted  m a te r i a l s  
on th e  b a s i s  o f  th e  e x p e r im e n ta l  w ork d e s c r ib e d  in  t h i s  d i s s e r t a t i o n .  
T hese  c r i t e r i a  a r e  c o n c e rn e d  w i th  specim en  s i z e  r e q u i r e m e n ts ,  t e s t  s e t ­
up re q u ir e m e n ts  and a n a ly s i s  o f  t e s t  r e c o r d s .  I d e a s  h av e  b e e n  f r e e l y  
bo rrow ed from  th e  m e t a l l i c  f i e l d  i n  d e v e lo p in g  th e s e  t e n t a t i v e  c r i t e r i a .  
No h a rd  and f a s t  r u l e s  f o r  f r a c t u r e  t e s t i n g  o f  cem ented  m a te r i a l s  can 
b e  l a i d  down a t  t h i s  s t a g e ,  a s  i n  th e  m e t a l l i c  f i e l d ,  due  to  th e  r e ­
l a t i v e l y  r e c e n t  a p p l i c a t i o n  o f  F r a c tu r e  M echan ics  p r i n c i p l e s  to  cem ented  
m a t e r i a l s .  N e v e r t h e le s s ,  th e  t e s t s  d e s c r ib e d  i n  C h a p te r  4 have  c l e a r l y  
i n d i c a t e d  t h a t  c e r t a i n  r e s t r i c t i o n s  m ust b e  im posed on th e  f r a c t u r e  
• t e s t i n g  v a r i a b l e s  i n  o r d e r  to  c o n d u c t a v a l i d  f r a c t u r e  t e s t .  Comments 
and  c r i t e r i a  i n  t h i s  c h a p te r  w i l l  r e l a t e  to  th e  cem ent m o r ta r  specim ens 
o f  S e r ie s  1 -5  i n  C h a p te r  4 . I n s u f f i c i e n t  t e s t s  on a s p h a l t  specim ens 
w ere  a v a i l a b l e  to  a l lo w  any d e f i n i t e  c o n c lu s io n s  to  b e  m ade.
5 .1  Specim en S iz e  R e q u irem e n ts
P r e v io u s  t e s t s  i n d i c a t e d  t h a t  th e  d im e n s io n s  o f  t h e  f r a c t u r e  specim en  
c o u ld  e x e r c is e  a s i g n i f i c a n t  in f lu e n c e  on th e  m e asu re d  f r a c t u r e  to u g h n e ss  
o f  th e  sp e c im en . The c a l c u l a t i o n  o f  th e  f r a c t u r e  to u g h n e s s  i s  b a se d  on 
a  m a th e m a tic a l m odel o f  th e  a c tu a l  s t r e s s / s t r a i n  f i e l d  a head  o f  th e  c ra c k  
t i p  i n  a  sp e c im en , and th e  r e l i a b i l i t y  o f  th e  K o r  G v a lu e  o b ta in e d
fro m  a t e s t  i s  d e p en d e n t on th e  a c c u ra c y  w i th  w h ich  t h i s  m a th e m a tic a l 
m odel d e s c r ib e s  th e  a c t u a l  s t r e s s e s  and s t r a i n s  i n s i d e  th e  f r a c t u r e  
z o n e . L in e a r  E l a s t i c  F r a c tu r e  M echan ics  i s  b a sed  upon th e  a ssu m p tio n  
t h a t  t h e  h ig h ly  s t r e s s e d  zone in  a  f r a c t u r e  specim en  i s  s m a ll  i n  r e l a t i o n  
to  th e  specim en  s i z e .  The m a th e m a tic a l m odel o f  th e  s t r e s s  i n t e n s i t y  
f a c t o r  g iv e s  an  e x a c t  r e p r e s e n t a t i o n  o n ly  i n  th e  l i m i t i n g  c a s e  o f  z e ro  
p l a s t i c  o r  p s e u d o - p l a s t i c  s t r a i n .  The s m a l le r  th e  h ig h ly  s t r e s s e d  
zo n e  i s  i n  r e l a t i o n  to  th e  specim en  s i z e ,  th e  more a c c u r a te  w i l l  be 
th e  a n a l y t i c a l  e x p re s s io n  f o r  th e  f r a c t u r e  to u g h n e s s ,  s in c e  th e  e l a s t i c  
s t r e s s  f i e l d  s u r ro u n d in g  th e  p l a s t i c  zone w i l l  b e  c lo s e l y  a p p ro x im ate d  
by  th e  s t r e s s - i n t e n s i t y  f a c t o r .
As th e  d im e n s io n s  o f  a f r a c t u r e  sp e c im en  a r e  i n c r e a s e d ,  so  th e  r e ­
g io n  a ro u n d  th e  c ra c k  t i p  i n  w hich  th e  e l a s t i c  s t r e s s e s  a r e  a d e q u a te ly  
d e s c r ib e d  by th e  a n a ly s i s  f o r  K i n c r e a s e s .  The o b je c t  o f  c r i t e r i a  f o r  
v a l i d  f r a c t u r e  t e s t i n g  i s  t o  r e s t r i c t  th e  sp e c im en  d im e n s io n s  t o  some 
l i m i t i n g  v a lu e s  i n  o r d e r  to  e n s u re  t h a t  th e  f r a c t u r e  to u g h n e ss  p a ra m e te r  
(K) a d e q u a te ly  d e s c r ib e s  th e  f r a c t u r e  p r o c e s s .  Such c r i t e r i a  i n  te rm s 
o f  specim en  s i z e  r e q u ir e m e n ts  c an  u s u a l ly  o n ly  b e  e s t a b l i s h e d  e x p e r i ­
m e n ta l ly .  The p e r t i n e n t  sp e c im en  d im e n s io n s  to  b e  c o n s id e r e d  a r e  cracV  
le n g th ,  c ,  specim en  w id th  ( o r  t h i c k n e s s ) ,  b ,  and u n c ra ck e d  l e n g th ,  h . 
(N ote  t h a t  h  = d - c ) . F o r  th e  s a k e  o f  c o n s is te n c y  w i th  C h a p te r  4 ,  i t  i s  
c o n v e n ie n t  to  e x p re s s  th e s e  q u a n t i t i e s  a s  d iro e n s io n le s s  r a t i o s  o f  th e  
specim en  d e p th ,  i . e .  c /d  r a t i o ,  b /d  r a t i o ,  and h /d  r a t i o .  I t  s h o u ld  be 
r e a l i s e d ,  th o u g h , t h a t  a b s o lu te  s i z e  r e q u ir e m e n ts  a r e  im p o r ta n t  i n  addi-r 
t i o n  to  th e  r e l a t i v e  s i z e  r e q u ir e m e n ts  e x p re s s e d  by th e  above r a t i o s ,  
b u t  an  i n s u f f i c i e n t  r a n g e  o f  a b s o lu te  sp e c im en  s i z e s  have  be en  s tu d i e d  
t o  a r r i v e  a t  r e l i a b l e  c o n c lu s io n s  c o n c e rn in g  a b s o lu te  s i z e s  f o r  f r a c t u r e  
sp e cim en s o f  cem ented  m a t e r i a l s .
I n v e s t i g a to r s  i n  th e  m e t a l l i c  f i e l d  h av e  d e f in e d  th e  P l a s t i c  Zone 
F a c to r  a s  b e in g  R -  ( X ^ Y s V ’ ’ w here  i ^ s  i s  th e  y i e l d  s t r e n g th  o f  th e  
m a te r i a l s  ^ . (See  p r e v io u s  s e c .  1 .3 .1  and in t r o d u c t io n  to  C h a p te r  2 ) .  
T hey h av e  s t r e s s e d  t h a t  when R i s  s m a ll  i n  r e l a t i o n  to  specim en  dim en­
s i o n s ,  p la n e  s t r a i n  c o n d i t io n s  p r e v a i l ,  and th e  t e s t  i s  a  v a l id  K f r a c ­
t u r e  t e s t , S in c e  R i s  a  c h a r a c t e r i s t i c  d im e n s io n  o f  th e  p l a s t i c  zo n e, 
i n v e s t i g a t o r s  o f  m e ta ls ' h av e  u se d  th e  v a lu e  o f  R to  e s t im a te  l im i t i n g  
specim en  d im e n s io n s , s p e c i f y in g  t h a t  th e  d im e n s io n s  sh o u ld  ex ce ed  a 
c e r t a i n  m u l t i p l e  o f  R, th e s e  m u l t i p l e -  t o  b e  d e te rm in e d  by an  a d e q u a te  
num ber o f  t r i a l  K t e s t s .  The lo w e r  l i m i t s  o f  th e  d im e n s io n s  f o r  w hich
K re m a in s  c o n s ta n t  c an  b e  e x p re s s e d  in  te rm s  o f  R to  p ro d u c e  u s e f u l  
'w o rk in g  l i m i t s ’ f o r  sp e c im en  d im e n s io n s . The p a ra m e te r  R was p ro d u ce d  
from  t h e o r e t i c a l  c o n s id e r a t i o n s  o f  th e  s i z e  o f  th e  p l a s t i c  zone in  a 
f r a c t u r e  sp e c im en . I t  i s  su g g e s te d  h e r e , t e n t a t i v e l y , t h a t  a  c o r r e ­
s p o n d in g  f a c t o r  R ' m ig h t b e  d e f in e d  in  o r d e r  to  p r o v id e  a  u s e f u l  b a s i s  
f o r  e s t im a t in g  th e  l i m i t i n g  d im e n s io n s  f o r  f r a c t u r e  t e s t s  on cem ented  
m a t e r i a l s .  The s ig n i f i c a n c e  o f  R ' f o r  cem en ted  m a te r i a l s  w ould  depend  
on a  d e f i n i t i o n  r a t h e r  th a n  a t h e o r e t i c a l  d e r i v a t i o n  b a se d  on  L in e a r  
E l a s t i c  F r a c tu r e  M e ch a n ics , and w ould b e  no more th a n  a  d i r e c t  fo l lo w - o n  
from  c u r r e n t  p r a c t i c e  i n  th e  m e t a l l i c  f i e l d .  R ' m u st c o n ta in  some p a ra ­
m e te r  d e s c r ib in g  Che s t r e n g t h  o f  th e  m a t e r i a l ,  and  i t  i s  s u g g e s te d  t h a t ,  
f o r  th e  f l e x u r e  t e s t  sp e c im en s  u se d  f o r  t h i s  d i s s e r t a t i o n ,  th e  m ost 
l o g i c a l  s t r e n g th  p a ra m e te r  w ould b e  th e  m odulus o f  r u p tu r e  o f  th e  m a te ­
r i a l ,  i . e .  th e  f l e x u r a l  t e n s i l e  s t r e n g t h  o f  th e  m a t e r i a l ,  t r .  F o l lo w in g  
on from  th e  m e t a l l i c  f i e l d ,  R ' , th e  p a ra m e te r  d e s c r ib in g  th e  p se u d o ­
p l a s t i c  zone i n  cem en ted  m a t e r i a l s ,  c o u ld  th e n  b e  d e f in e d  a s  fo llo w s
R ' c tn  now b e  u se d  to  p r o v id e  an  e s t im a te  o f  th e  n e c e s s a r y  specim en  d i ­
m ensions i n  o r d e r  to  p ro d u c e  a v a l i d  f r a c t u r e  t e s t  on cem ented  m a t e r i a l s .
5 . 1 . 1 .  C ra ck -L en g th  R e q u irem e n t ( c /d  R a t io )
R e fe r  to  F ig u re s  4 .2 8  and  4 .2 9  w h ic h  show t h a t  G ^, K ^, and y  a r e  a l l  
a f f e c t e d  by th e  i n i t i a l  n o tc h - d e p th  r a t i o  o f  th e  beams u se d  to  m easu re  
t h e i r  v a lu e s .  N o tched  beam s gave lo w e r  v a lu e s  o f  th e  f r a c t u r e  p a ra m e te r s  
th a n  d id  u n n o tc h ed  beam s. As s u g g e s te d  i n  s e c t i o n  4 .2 .4  ( 2 ) ( c ) , t h i s  
was p o s s ib l y  b e c a u se  a b a s i c  d i f f e r e n c e  e x i s t s  b e tw ee n  th e  t v a c tu r e  b e ­
h a v io u r  o f  n o tc h e d  and u n n o tc h ed  beam s. A n o tc h e d  beam c a u s e s  th e  a r e a  
a t  f r a c t u r e  damage and c ra c k  g ro w th  to  b e  l im i te d  i n  e x te n t  to  th e  
n o tc h e d  c r o s s - s e c t i o n ,  w h ile  an u n n o tc h ed  beam has no su c h  l im i t i n g  
f a c t o r  to  i t s  f r a c t u r e  b e h a v io u r .  The f r a c t u r e  to u g h n e ss  o f  a cem ented  
m a te r i a l  dep en d s p r im a r i l y  upon th e  m ic r o -c ra c k in g  and o th e r  e n e rg y -  
a b s o rb in g  m echanism s a t  th e  n o tc h  r o o t ,  and th e s e  m echanism s a r e  
l im i t e d  i n  n o tc h e d  beam s. I t  i s  i n t e r e s t i n g  to  n o te  t h a t  f r a c t u r e  t e s t s  
on  s t e e l s  r e p o r te d  i n  r e f . 23 show t h a t  f r a c t u r e  specim ens w ith  ex­
tr e m e ly  sh a l lo w  n o tc h e s  p ro d u ce  h ig h e r  e f f e c t i v e  f r a c t u r e  to u g h n e s se s
d im e n sio n s 
o f  le n g th (5 .1 )
th a n  sp e c im en s  w i th  d e e p e r  n o tc h e s .  The t r e n d  o f  K v a lu e s  r e p o r te d  
in  t h i s  r e f e r e n c e  i s  v e ry  s i m i l a r  to  t h e  t r e n d  o f  t h e  a v e ra g e  l i n e s  
show ing  a  c o n s t a n t  v a lu e  f o r  K . ( o r  G^) i n  F ig u re  4 .2 8 ,  w i th  a  d i s - _ 
c o n t in u i ty  i n  th e  c u rv e  a t  v e ry  s m a ll n o tc h -d e p th  r a t i o s ,  i n d i c a t i n g  a  
r a p id  in c r e a s e  i n  th e  v a lu e  o f  K f o r  u n n o tc h ed  and e x tre m e ly  s h a l lo w -  
n o tc h e d  beam s. The r e s u l t s  o f  G lu c k lic h  13 , ho w ev e r, i n d i c a t e d  no 
s i g n i f i c a n t  d i f f e r e n c e  b e tw een  th e  f r a c t u r e  v a lu e s  y i e ld e d  by n o tc h e d  
beam t e s t s  a s  opposed  to  u n n o tc h ed  beam t e s t s .
A l l  th e  specim ens r e p r e s e n te d  i n  F ig u re s  4 .2 8  and 4 .2 9  w ere
1 0 1 ,6  x 1 0 1 ,6  mm beams i n  s e c t i o n .  The i n i t i a l  n o tc h  d e p th s ,  c o , 
v a r i e d  from  1 2 ,7  nun ( s h a l lo w )  to  5 0 ,8  mm (d e e p -n o tc h e d  be am s) .
A ssum ing t h a t  th e  f r a c t u r e  p a ra m e te r s  a s  e v a lu a te d  from  t e s t s  on n o tc h e d  
beam s r e p r e s e n te d  a  more v a l i d  e s t im a te  o f  th e  ' t r u e '  moan K o f  th e  
m a t e r i a l ,  th e  v a lu e s  o f  c /d  and c /R ' a r e  shown be low  i n  T a b le  6 .1  f o r  
th e  d i f f e r e n t  n o tc h  d e p th s .  (M ote , t h e  a v e ra g e  v a lu e  o f  o h f o r  th e  
u n n o tc h ed  m o r ta r  beams o f  S e r ie s  1 ,  3 and  4 ( ' f a s t '  t e s t s )  was 
o E «= 4 ,1 9  MPa (10 b e a m s) ) .
T a b le  5 .1  V a lu es  o f  R ' and c /R 1 f o r  Cem ent M o rta r Beams
d (MN/m1! 5) (mm)
,  = 1 2 ,7  mm 0 ,1 2 5 ' 0 ,7 4 3 1 ,1 0 -408
3 = 2 5 ,4  mm 0 ,2 5 0 ,8 0 3 6 ,4 0 ,6 9 8
5 = 5 0 ,8  mm 0 ,5 0 ,6 5 2 4 ,0 2 ,117
n o tc h e d  beams - 0 ,7 3 3 0 ,3 -
u n n o tc h ed  beams 0 1 ,2 5 -
The c u rv e  o f  y  v e r s u s  c /d  r a t i o  (F ig u r e  4 .2 9 )  seem s to  i n d i c a t e  th a t  
y  d e c r e a s e s  c o n tin u o u s ly  a s  c /d  in c r e a s e s  ( s e e  th e  d i s c u s s io n  o f  t h i s  
i n  s e c t i o n  4 .2 .4  ( 2 ) ( c ) ) .  N e v e r t h e le s s ,  an  a v e ra g e  v a lu e  f o r  th e  
n o tc h e d  beams co u ld  b e  i n f e r r e d  from  th e  c u rv e .  F ig u re s  4 .2 8  and 4 .2 9  
in d i c a t e  t h a t  th e  m easu red  v a lu e s  o f  th e . f r a c t u r e  p a ra m e te r s  a r e  d e ­
p e n d e n t on  th e  ty p e  o f  f r a c t u r e  i n  t h e  sp e c im en . C a ta s t r o p h ic  ty p e  
f r a c t u r e s  g iv e  h ig h e r  v a lu e s  o f  f r a c t u r e  p a ra m e te r s  th a n  s t a b l e  ty p e  
f r a c t u r e s .  N o tched  beams w hich  f r a c t u r e  s t a b l y  o r  s e m i- s ta b ly  g iv e  
c o n s i s t e n t  r e s u l t s  f o r  th e  f r a c t u r e  p a ra m e te r s ,  and th e  lo w e r  v a lu e s  o f  
th e  f r a c t u r e  p a ra m e te r s ,  a s  r e p r e s e n te d  by th e  low er l i m i t s  f o r  th e
i
n o tc h e d  beam s, a r e  p r o b a b ly  Che m ore a c c e p ta b le  v a lu e s  f o r  d e s ig n  
p u r p o s e s . I t  i s  su g g e s te d  t h a t ,  p ro v id e d  a beam specim en  f r a c t u r e s  
in  a  s t a b l e  o r  s e m i- s ta b le  f a s h i o n , th e  f r a c t u r e  p a ra m e te r s  y ie ld e d  
fro m  th e  t e s t s  a re  v a l i d  e s t im a te s  o f  th e  ' t r u e '  mean lo w e r  l i m i t s .
T h is  c r i t e r i o n  i s  c r i t i c a l l y  d e p e n d e n t on th e  i n i t i a l  n o tc h  d e p th  i n  
th e  beam . F o r  th e  cem en ted  m a te r i a l s  s t u d i e d  in  th e  p r e s e n t  t e s t s ,  
th e  above su g g e s te d  c r i t e r i o n  i s  s a t i s f i e d  when th e  c /d  r a t i o  i s  
g r e a t e r  th a n  a b o u t 0 , 1 ,  and th e  c /R ' r a t i o  i s  g r e a t e r  th a n  a b o u t 0 , 4 . •  
R a t io s  o f  c /d  g r e a t e r  th a n  a b o u t 0 ,5  a r e  a l s o  u n d e s i r a b le  b e c a u s e  th e  
c o m p lia n c e -n o tc h  d e p th  c u rv e  (F ig u r e  3 .3 )  r i s e s  v e ry  s t e e p l y  a t  h ig h  
c /d  v a lu e s .  U nder t h e s e  c i r c u m s ta n c e s , s m a ll  e r r o r s  i n  m e asu re d  c ra c k  
le n g th s  c an  have  u n d e s i r a b ly  l a r g e  e f f e c t s  on th e  c a l c u l a t e d  v a lu e s  o f  
th e  f r a c t u r e  p a ra m e te r s . The c r i t i c a l  e f f e c t  o f  t e s t i n g  m ach ine  s t i f f ­
n e s s  m ust a l s o  be  c o n s id e r e d ,  how ever, and t h i s  i s  d is c u s s e d  l a t e r  i n  
s e c t i o n  5 .2 .1 .
5 .1 .2  Specim en W idth  R e q u irem e n t (b /d  R a t io )
R e fe r  to  F ig u re  4 .3 2 ,  w hich  show s th e  v a r i a t i o n  o f  and Kc w i th  b /d  
r a t i o .  A l l  th e  sp e cim en s r e p r e s e n te d  i n  F ig u re  4 .3 2  w ere  n o tc h ed  
sp e cim en s w i th  th e  m a jo r i ty  h a v in g  c /d  r a t i o s  g r e a t e r  th a n  0 ,1 .  H ence, 
i t  i s  assum ed t h a t  th e  v a r i a t i o n  o f  Gc o r  Kc  in  F ig u re  4 .3 2  was due  to  
th e  v a r i a t i o n  o f  th e  b /d  r a t i o ,  and n o t  to  th e  v a r i a t i o n  o f  t h e  c /d  
r a t i o .  As th e  s t r e s s  f i e l d  a h ead  o f  th e  c r a c k  v a r i e d  due  t o  a  change  
in  th e  b /d  r a t i o ,  so  th e  m easu red  f r a c t u r e  p a ra m e te r s  v a r i e d .  I n v e s t i ­
g a to r s  i n  th e  m e t a l l i c  f i e l d  h a v e  o b se rv e d  a  m arked in c r e a s e  i n  th e  
f r a c t u r e  to u g h n e ss  o f  a  m a te r i a l  a s  t h e  f r a c t u r e  changed  from  a  p la n e  
s t r e s s ,  s l a n t  ty p e  o f  f r a c t u r e  i n  a  t h i n  s h e e t  specim en  to  a  p la n e  
s t r a i n ,  s q u a re  ty p e  o f  f r a c t u r e  i n  a  th i c k  p l a t e  sp e c im en . F ig u re  4 .3 2  
seem s to  i n d i c a t e  a s i m i l a r  e f f e c t  f o r  th e  cem en t m o r ta r  sp e cim en s i n ­
v e s t i g a t e d  in  th e  p r e s e n t  t e s t s .  H ow ever, i t  m u s t-b e  s t r e s s e d  h e re  
a g a in  t h a t  F ig u re  4 .3 2  was d e r iv e d  from  t e s t s  on  .o n ly  se v en  sp e c im e n s , 
b e s id e s  th e  a v e ra g e  v a lu e s  from  S e r ie s  3 and 4 . The c u rv e s  c an  th e r e f o r e  
I _ n o t  b e  r e g a rd e d  c o n f id e n t ly  a s  t r u e  i n d i c a t i o n s  o f  th e  v a r i a t i o n  of
|  and Kc w ith  b /d  r a t i o .  They s h o u ld  r a t h e r  b e  i n t e r p r e t e d  a s  show ing
| ' th e  p o s s i b i l i t y  t h a t  th e  b /d  r a t i o  c an  e x e r t  s  m arked in f lu e n c e  on  th e
~ m easured  f r a c t u r e  to u g h n e s s .  The w ide  s c a t t e r  o f  r e s u l t s  i n  F ig u re  4 .3 2
■: a l s o  i n d i c a t e s  th e  need  f o r  a  m ore th o ro u g h  i n v e s t i g a t i o n  o f  t h i s  s u b j e c t .
[ The r e s u l t s  o f  S e r ie s  5 i n d i c a t e  t h a t  w id e r  sp e cim en s i n  th e  fo rm  o f
n o tc h e d  beam s, a r e  p r o b a b ly  Che m ore a c c e p ta b le  v a lu e s  f o r  d e s ig n  
p u r p o s e s . I t  i s  su g g e s te d  t h a t ,  p ro v id e d  a  beam sp e c im en  f r a c t u r e s  
i n  a  s t a b l e  o r  s e m i - s t a b l e  f a s h i o n , th e  f r a c t u r e  p a ra m e te r s  y ie ld e d  
from  th e  t e s t s  a r e  v a l i d  e s t im a te s  o f  th e  ' t r u e '  mean lo w e r  l i m i t s .
T h is  c r i t e r i o n  i s  c r i t i c a l l y  d e p e n d e n t on  th e  i n i t i a l  n o tc h  d e p th  in  
th e  beam . F o r  th e  cem en ted  m a te r i a l s  s t u d i e d  i n  th e  p r e s e n t  t e s t s ,  
th e  above su g g e s te d  c r i t e r i o n  i s  s a t i s f i e d  when th e  c /d  r a t i o  i s  
g r e a t e r  th a n  a b o u t 0 , 1 ,  and th e  c /R 1 r a t i o  i s  g r e a t e r  th a n  a b o u t 0 ,4 .  
R a t io s  o f  c /d  g r e a t e r  th a n  a b o u t 0 ,5  a r e  a l s o  u n d e s i r a b le  b e c a u se  th e  
c o m p lia n c e -n o tc h  d e p th  c u rv e  ( F ig u r e  3 .3 )  r i s e s  v e ry  s t e e p l y  a t  h ig h  
c /d  v a lu e s .  U nder th e s e  c ir c u m s ta n c e s ,  s m a ll e r r o r s  i n  m e asu re d  c ra c k  
le n g th s  can  h av e  u n d e s i r a b ly  l a r g e  e f f e c t s  on th e  c a l c u l a t e d  v a lu e s  o f  
th e  f r a c t u r e  p a ra m e te r s .  The c r i t i c a l  e f f e c t  o f  t e s t i n g  m ach ine  s t i f f ­
n e s s  m ust a l s o  be c o n s id e r e d ,  how ever, and  t h i s  i s  d i s c u s s e d  l a t e r  i n  
s e c t i o n  5 .2 .1 .
5 .1 .2  Specim en W idth  R e q u irem e n t ( b /d  R a t io )
R e fe r  to  F ig u re  4 .3 2 ,  w h ic h  show s th e  v a r i a t i o n  o f  G and K w ith  b /d  
r a t i o .  A l l  th e  sp e cim en s r e p r e s e n te d  i n  F ig u re  4 .3 2  w ere  n o tc h ed  
sp e cim en s w i th  t h e  m a jo r i t y  h a v in g  c /d  r a t i o s  g r e a t e r  th a n  0 ,1 .  H ence, 
i t  i s  assum ed t h a t  th e  v a r i a t i o n  o f  Ge  o r  K . i n  F ig u re  4 .3 2  was due to  
th e  v a r i a t i o n  o f  th e  b /d  r a t i o ,  and n o t  to  th e  v a r i a t i o n  o f  th e  c /d  
r a t i o .  As th e  s t r e s s  f i e l d  a h ea d  o f  th e  c ra c k  v a r i e d  due to  a  change
in  th e  b /d  r a t i o ,  so  th e  m e asu re d  f r a c t u r e  p a ra m e te r s  v a r i e d .  I n v e s t i ­
g a to r s  i n  th e  m e t a l l i c  f i e l d  h av e  o b se rv e d  a  m arked in c r e a s e  i n  th e  
f r a c t u r e  to u g h n e ss  o f  a m a te r i a l  a s  th e  f r a c t u r e  changed  from  a  p la n e  
s t r e s s ,  s l a n t  ty p e  o f  f r a c t u r e  i n  a  t h i n  s h e e t  specim en  to  a  p la n e  
s t r a i n ,  sq u a re  ty p e  o f  f r a c t u r e  i n  a t h i c k  p l a t e  sp e c im en . F ig u re  4 .3 2  
seem s to  i n d i c a t e  a  s i m i l a r  e f f e c t  f o r  th e  cem ent m o r ta r  sp e cim en s i n ­
v e s t i g a t e d  in  th e  p r e s e n t  t e s t s .  H ow ever, i t  m u st b e  s t r e s s e d  h e re
a g a in  t h a t  F ig u re  4 .3 2  was d e r iv e d  from  t e s t s  on .o n ly  se v en  sp e c im e n s ,
b e s id e s  th e  a v e ra g e  v a lu e s  from  S e r ie s  3 .and 4 . The c u rv e s  c an  th e r e f o r e  
n o t  b e  r e g a rd e d  c o n f id e n t ly  a s  t r u e  i n d i c a t io n s  o f  th e  v a r i a t i o n  o f  
and K w ith  b /d  r a t i o .  They s h o u ld  r a t h e r  b e  i n t e r p r e t e d  a s  show ing 
th e  p o s s i b i l i t y  t h a t  th e  b /d  r a t i o  c an  e x e r t  a  m arked  in f lu e n c e  on  th e  
m easured  f r a c t u r e  to u g h n e s s .  The w ide  s c a t t e r  o f  r e s u l t s  i n  F ig u re  4 .3 2  
a l s o  i n d i c a t e s  th e  ne ed  f o r  a m ore th o ro u g h  i n v e s t i g a t i o n  o f  t h i s  s u b je c t .
The r e s u l t s  o f  S e r ie s  5 i n d i c a t e  t h a t  w id e r  sp e cim en s i n  th e  fo rm  o f
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c h ic k  s la b s  g iv a  low er e s t im a te s  o f  G and K th a n  n a rro w e r  specim ens 
i n  th e  fo rm  o f  t h i n ,  de ep  beam s. The f r a c t u r e  v a lu e s  a p p ro a ch  a  low er 
l i m i t  f o r  b /d  r a t i o s  g r e a t e r  th a n  a b o u t  1 ,0 .  I t  i s  assum ed t h a t  t h i s  
lo w e r  l i m i t  r e p r e s e n t s  a  v a l i d  e s t im a te  o f  t h e  ' t r u e '  p la n e  s t r a i n  
v a lu e s  f o r  th e  K o f  th e  m o r ta r .  U s in g  th e  a v e ra g e  c u rv e  o f  K , from  
F ig u re  4 .3 2 ,  th e  v a lu e s  o f  b /R ' f o r  sp e c im en s  s p a n n in g  th e  r a n g e  o f  b /d  
r a t i o s  a r e  shown in  T a b le  5 .2  b e lo w :-
T a b le  5 .2  V alues o f  R ' and  b /R ' f o r  M o rta r  Beams
b b A verage  Kc R '
Specim en No. d From F ig .  4 .3 2
(MN/ml,5)
5 .1  4 ,0 2 0 3 ,2 0 ,5 2 15 ,4 1 3 ,2 0
A verage  f o r  S s . 3 and 4 1 ,0 1 0 1 ,6 0 ,7 3 3 0 ,3 3 ,3 5
5 .5  0 ,6 2 6 3 ,0 . 0 ,9 7 5 3 ,5 1 ,1 8
5 .6  0 ,3 3 5 3 4 ,0 1 ,3 9 1 09 ,8 0 ,3 1
jwher** R' = (Kc/o ty j
R ' ,  th e  p a ra m e te r  d e s c r ib in g  th e  p s e u d o - p l a s t i c  z o n e , i n c r e a s e s ,  and b /R ' 
d e c r e a s e s  a s  th e  b /d  r a t i o  d e c r e a s e s .  On th e  b a s i s  o f  F ig u re  4 .3 2 ,  th e  
f o l lo w in g  t e n t a t i v e  c r i t e r i a  a r e  su g g e s te d  f o r  t e s t s  on cem ented  m a te r ­
i a l s  su c h  a s  cem en t m o r ta rs
b /d  r a t i o  1 ,0
b /R ’ r a t i o  4  3 ,3 5
T hese  c r i t e r i a  a r e  o pen  to  im provem ent a s  m ore r e s u l t s  from  t e s t s  s i m i l a r  • 
to  th o s e  i n  S e r ie s  5 becom e a v a i l a b l e .  O th e r  s i m i l a r  c r i t e r i a  w ould 
p resu m ab ly  h av e  to  b e  d e v e lo p e d  f o r  t e s t s  on o th e r  ty p e s  o f  cem ented  
m a te r i a l s  su c h  a s  a s p h a l t s .
5 .1 .3  R e q u irem e n ts  f o r  U ncracked  L en g th  o f  Specim en (h /d  R a t io )
T he u n c ra ck e d  le n g th  o f  a r e c t a n g u l a r  n o tc h e d  bend  sp e c im en , h ,  i s  d e ­
f in e d  by h = d - c .  The v a lu e  o f  h  g o v e rn s  th e  sh ape  o f  th e  l o a d - d e f l e c t i o n  
c u rv e  p ro d u ce d  in  a t e s t ,  and th e  a p p l i c a b i l i t y  o f  th e  e x p re s s io n s  f o r  
t h e  f r a c t u r e  p a ra m e te r s  to  th e  sp e c im en . An e x a m in a tio n  o f  th e  c u rv e s  
i n  F ig u re  4 ,2 7  in d i c a t e s  t h a t ,  a s  h  d e c r e a s e s ,  so  th e  d e v ia t i o n  o f  th e  
c u rv e s  from  l i n e a r i t y  in c r e a s e s  b e f o r e  th e  c r i t i c a l  p o in t  o f  i n s t a b i l i t y ,  
i n d i c a t i n g  t h a t  e x te n s iv e  Blow c ra c k  g row th  i s  o c c u r r in g .  Slow c ra c k  
grow th  in  th e  5 0 ,8  mm d e e p -n o tc h e d  beams i n i t i a t e d  a t  low  s t r e s s  l e v e l s
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d u e  to  th e  h ig h  s t r e s s  c o n c e n t r a t io n  o f  th e  n o tc h .  The a v e ra g e  v a lu e s  
o f  th e  f r a c t u r e  p a ra m e te r s  f o r  th e  d e e p -n o tc h e d  beams w ere  lo w e r  th a n  
f o r  th e  s h a llo w  n o tc h e d  beam s. The p r e s e n c e  o f  a  deep  n o tc h  c o n s id e r a b ly  
re d u c e s  th e  e n e rg y  l e v e l  i n  th e  sp e c im en  a t  th e  p o in t  o f  i n s t a b i l i t y .
I t  i s  p o s s ib l e  t h a t  t h i s  r e s u l t s  i n  u n r e p r e s e n ta t i v e ly  low  v a lu e s  o f  
th e  f r a c t u r e  p a ra m e te r s  b e in g  r e c o rd e d ,  due  t o  th e  r e l a t i v e l y  non­
v i o l e n t  ty p e  o f  f r a c t u r e  p ro d u ce d  i n  su c h  beam s. D e e p -n o tch e d  beams 
a l s o  p ro d u ce  f l a t t e r  l o a d - d e f l e c t i o n  c u rv e s  w i th  a  l e s s  w e l l - d e f in e d  
p e a k  a t  th e  c r i t i c a l  p o in t  o f  r u p tu r e  ( s e e  F ig u re  4 .2 7 )  th a n  f o r  s h a l lo w -  
n o tc h e d  beam s. T h is  le a d s  to  u n c e r t a i n ty  and in a c c u ra c y  i n  d e f in i n g  
th e  e x a c t  p o in t  o f  f r a c t u r e  i n s t a b i l i t y .  The e s t im a te d  c o m p lia n c e  a t  
f a i l u r e  c r i t i c a l l y  a f f e c t s  th e  c a l c u l a t e d  n o tc h -d e p th  r a t i o  a t  f a i l u r e ,  
and  h e n ce  th e  e v a lu a t io n  o f  th e  f r a c t u r e  p a ra m e te r s .  I n  a d d i t i o n ,  d e e p -  
n o tc h e d  beam s, w ith  t h e i r  d i s t i n c t l y  n o n - c a t a s t r o p h i c  ty p e  o f  f r a c t u r e ,  
r e q u i r e  w ork to  b e  done on th e  specim en  e v e n  a t  th e  c r i t i c a l  p o in t  o f  
p e a k  lo a d , i n  c o n t r a s t  to  s h a l lo w -n o tc h e d  beam s w h ich  e x h i b i t  a  d e g re e  
o f  s p o n ta n e o u s  c ra c k  p r o p a g a t io n  a f t e r  th e  pe ak  lo a d  u n d e r  th e  s to r e d  
e l a s t i c  e n e rg y  i n  th e  sp e c im en . T h is  im p l ie s  th e  p o s s i b i l i t y  t h a t  th e  
d e e p -n o tc h e d  m o r ta r  beams (5 0 ,8  mm) u se d  i n  th e  p r e s e n t  -s tu d y  n e v e r  
a t t a i n e d  a  t r u e  s t a t e  o f  c r i t i c a l  c ra c k  p r o p a g a tio n  i . e .  th e  e n e rg y  
r e q u ir e m e n t  f o r  b r i t t l e  f r a c t u r e  a s  e x p re s s e d  by  e q u a tio n  1 .3  ( G r i f f i t h 's  
e q u a t io n )  was n e v e r  s a t i s f i e d .  T h is  c o u ld  e x p la in  th e  lo w e r  m easu red  
• f r a c t u r e  v a lu e s  f o r  th e  d e e p -n o tc h e d  beam s.
F o r  specim ens s i m i l a r  t o  th e  m o r ta r  beam s used  in  t h i s  s tu d y ,  i t  i s  
su g g e s te d  t h a t  h /d  s h o u ld  n o t  b e  l e s s  th a n  0 , 5 ,  and p r e f e r a b l y  : .o t  l e s s  
chan a b o u t 0 ,6 2 5 , on th e  b a s i s  o f  th e  3 8 ,1  mm n o tc h e d  beam t e s t e d  in  
S e r ie s  1 w hich  s t i l l  a s h ’"  te d  a d e g re e  o f  sp o n ta n e o u s  c r a c k  p r o p a g a t io n .
5 ."1 R e q u irem e n ts  f o r  L o ad in g  Spans 
The re q  • s n t s  f o r  th e  lo a d in g  sp a n s  = re  ta k e n  d i r e c t l y  from  th e  sp e ­
c i f i c a t i o n s  g iv e n  in  r e f .  2 3 , p . 1 4 . T hese  s p e c i f i c a t i o n s  a r e  c o n ce rn e d  
w ith  th e  ty p e  o f  b e n d in g  in  th e  sp e c im en , and  th e  d e g re e  o f  sp e c im en  in ­
d e n ta t i o n  and f r i c t i o n  a t  th e  s u p p o r t s .  The e x p re s s io n s  f o r  K and G 
p r e s e n te d  i n  e q u a t io n s  ( 3 .2 )  and  ( 3 .9 )  r e s p e c t i v e l y  can  b e  a p p l ie d  lo  
ben d  specim ens p r o v id e d  th e  f o l lo w in g  r a t i o s  o f  lo a d in g  sp a n s  to  
specim en  d e p th  a r e  a d h e re d  to s -
M inor Span S2 > 2 e n s u re s  t h a t  f o u r - p o in t  b e n d in g  i s
j  e q u iv a le n t  t o  p u re  b e n d in g .
M ajo r Span S , .  ^ e n s u re s  C hat e r r o r s  due Co sp e c im en  in d e n ta t i o n
'  and ( r i c t i o n  a t  t h e  s u p p o r ts  a r e  n e g l i g i b l e .
As a n  exam ple o f  t h e  ne ed  to  a d h e re  to  t h e s e  lo a d in g  sp a n  r e q u i r e m e n ts , 
r e f e r  to  F ig u re  4 .2 9  w hich  shows t h a t  th e  'v e e ’- n o tc h  beams u se d  in  
S e r i e s  3  p ro d u ce d  r e s u l t s  f o r  y  t h a t  show ed a  d i s t i n c t  d e p a r tu r e  from  
th e  t r e n d  o f  t h e  d ia g ra m . T hese  'v e e ' - n o t c h  beam s w ere  t e s t e d  u s in g  a 
s m a l le r  m a jo r  s u p p o r t  sp a n  and  a  s m a lle r  m in o r  lo a d in g  sp a n  th a n  th e  
r e m a in d e r  o f  th e  beams w h ich  m et up w i th  th e  r e q u ir e m e n ts  f o r  lo a d in g  
s p a n s .  The 'v e e '- n o t c h  beams a r e  a  c a s e  i n ' p o i n t  i n d i c a t i n g  th e  ne ed  
to  d e v e lo p  and a d h e re  to  f r a c t u r e  t e s t i n g  c r i t e r i a .
5 . 1 . 5  Summary o f  S u g g e s te d  S iz e  R e q u irem e n ts  
F o r  sp e cim en s s i m i l a r  to  th e  cem ent m o r ta r  beams s tu d i e d  f o r  t h i s  d i s ­
s e r t a t i o n ,  r e s t r i c t i o n s  on th e  r e q u ir e m e n ts  f o r  c ra c k  le n g th  and s p e c i ­
men s i z e  s r e  sum m arised  be lo w  i n  T a b le  5 . 3 .  T hese  r e q u ir e m e n ts  a r e  a t  
p r e s e n t  o n ly  i n  th e  fo rm  o f  r e l a t i v e  s i z e  r a t i o s ,  r a t h e r  th a n  a b s o lu te  
s i z e  r e q u i r e m e n ts ,  w h ich  s t i l l  n e ed  to  b e  e s t a b l i s h e d .  The r e l i a b i l i t y  
o f  th e  s i z e  r e q u ir e m e n ts  from  colum ns 2 and  4 o f  th e  t a b l e  be low  depends 
upon th e  v a l i d i t y  o f  u s in g  th e  v e f i n i t i o n s  o f  R ’ a d o p ted  h e re  a s  a means 
o f  e s t im a t in g  specim en  s i z e  r e q u ir e m e n ts .  T h is  a p p ro a ch  d e f i n i t e l y  
n e e d s  f u r t h e r  c a r e f u l  a t t e n t i o n .
Summary o f  S u g g e s te d  S iz e  R e q u irem e n ts  f o r  Cement M o rta r  
Bend Specim ens
C rack  L eng th  
i/d  c /R '
U ncracked
L eng th
L oad ing
b /R '
> 3 ,3 5
h /d  
• 0 ,6 2 5
S j /d  S2/d! N o tched  Bend Specim en ' c /  / ' b /d  6 :1  M a jo r S p a n /d e p th  2 :1  M inor S p a n /d e p th  |w h e re  R1 * ( K ^ /o J  2 )
The 1 2 ,7  mm and 2 5 ,4  mm r e c t a n g u l a r  n o tc h e d  sp e cim en s o f  S e r ie s  1 to  4 
com plied  w i th  th e  above r e q u ir e m e n ts .  H ow ever, th e  'v e e '- n o t c h  beams d id  
n o t  comply w ith  th e  lo a d in g  sp a n  r e q u ir e m e n ts ,  and  th e  5 0 ,8  mm n o tc h e d  
beam d id  n o t  com ply w i th  th e  u n c ra ck e d  le n g th  r e q u ir e m e n t .  O nly th e  
s l a b  sp e cim en s i n  S e r ie s  5 co m p lie d  w ith  th e  w id th  r e q u ir e m e n t .
The p r a c t i c a l  s i t u a t i o n  f o r  w h ich  th e  f r a c t u r e  t e s t s  a r e  b e in g  d e s ig n e d
m u st c o n t in u a l ly  b e  b o rn e  i n  m ind , The ty p e  o f  f r a c t u r e  t e s t  w i l l  v a ry  
g r e a t l y  d e p en d in g  on w h e th e r  th e  f r a c t u r e  s t r e n g th  f o r  a  c e m e n t - t r e a te d  
ro a d  b a s e  (p la n e  s t r a i n  s i t u a t i o n )  i s  b e in g  s o u g h t a s  opposed  t o ,  s a y , 
t h e  f r a c t u r e  S t re n g th  f o r  a  c h in  n o tc h e d  c o n c r e te  p y lo n  (p la n e  s t r e s s  
s i t u a t i o n ) .
5 .2  R e q u irem e n ts  f o r  T e s t  S e t-U p  in  F r a c tu r e  T e s ts  on Cem ented M a te r ia l s  
The two p r im a ry  f a c t o r s  t h a t  c an  b e  c o n t r o l l e d  when d e s ig n in g  a  t e s t  s e t ­
up f o r  f r a c t u r e  t e s t i n g  a r e  th e  lo a d in g  r a t e  o f  th e  m ach ine  and th e  s t i f f ­
n e s s  o f  th e  m a c h in e / lo a d in g  sy s te m . B oth  o f  t h e s e  f a c t o r s  a f f e c t  th e  
v a lu e s  o f  th e  f r a c t u r e  p a ra m e te r s  m e asu re d  i n  a  t e s t ,  and th e  ty p e  o f  
f r a c t u r e  p ro d u c e d . I m p l ic a t io n s  fro m  th e  r e s u l t s  o f  t e s t s  i n  S e r i e s  3 
and 4 a r e  p r e s e n te d  be low .
5 .2 .1  R e q u irem e n ts  f o r  th e  S t r a i n  R a te  i n  F r a c tu r e  T e s ts  on Cem ented 
M a te r ia l s
R e fe r  to  F ig u re  4 .2 1  (a )  and ( b ) . T h is  f i g u r e  show s t h a t  s t r a i n  r a t e  
h a s  a  m arked e f f e c t  on  th e  v a lu e s  o f  th e  f r a c t u r e  p a ra m e te r s  m e asu re d  i n  
a  t e s t .  A ssum ing th e  2 5 ,4  mm n o tc h e d  beam s in  F ig u re  4 .2 1  (b) t o  have  
pro d u ce d  a  v a l i d  e s t im a te  o f  th e  f r a c t u r e  p a ra m e te r s ,  i t  i s  s e e n  t h a t  
th e  a v e ra g e  K f o r  a  s t r a i n  r a t e  o f  0 ,0 1  ym /sec  c an  b e  a s  low  a s  
0 ,5 9  MN/ml t 5 -  a  r e d u c t io n  o f  27 p e r  c e n t .  The red u c ed  v a lu e s  o f  K 
and  Ge w ere  c a l c u l a t e d  u s in g  th e  t im e - d ep e n d e n t Y oung 's  M odu li and com­
p l ia n c e s  fro m  f ig u r e  4 .1 8 .  The c u rv e s  f o r  th e  unn o tc h ed  beams in  
F ig u re  4 .2 1  ( a )  show an  ev en  m ore  d i s t i n c t  r e d u c t io n  in  f r a c t u r e  to u g h n e ss  
v a lu e s  f o r  low  s t r a i n  r a t e s  th a n  do th e  n o tc h e d  beams o f  F ig u re  4 .2 1  ( b ) .
A d i s c u s s io n  o f  t h i s  a p p e a re d  e a r l i e r  i n  s e c t i o n  4 .2 .4  ( 2 ) ( c ) .
Im p o r ta n t  e f f e c t s  i n  cem en ted  m a te r i a l s  o f  c o n s t r u c t io n  l in k e d  to  
s t r a i n  r a t e  a r e  c re e p  and o th e r  t im e -d e p e n d e n t v i s c o - e l a s t i c  d e fo r m a tio n s .  
E s p e c i a l l y  in  a s p h a l t  sp e c im e n s , th e  v i s c o - e l a s t i c  d e fo rm a tio n s  c an  g iv e  
a p s e u d o - f r a c tu r e  to u g h n e s s  t h a t  i s  w e l l  above th e  t r u e  f r a c t u r e  to u g h n e ss  
f o r  th e  p a r t i c u l a r  n o tc h  d e p th  i n  th e  beam ( s e e  p r e v io u s  s e c t i o n  4 .2 .6 ) .  
The s t r a i n  r a t e  s e l e c t e d  f o r  a p a r t i c u l a r  f r a c t u r e  t e s t  w i l l  depend  on 
th e  p r a c t i c a l  s i t u a t i o n  b e in g  m o d e lle d  i n  th e  t e s t . S i t u a t io n s  su c h  a s  
ro ad  pavem en ts  i n  w hich  th e  d e fo rm a tio n s  a r e  tim e -d e p e n d e n t m ig h t r e q u i r e  
a low s t r a i n  r a t e  i n  o r d e r  to  e s t im a te  th e  t im e -d e p e n d e n t f r a c t u r e  
to u g h n e ss  o f  th e  p av em en t. H ow ever, th e  f r a c t u r e  to u g h n e ss  u n d e r  a 
t r a n s i e n t  w hee l lo a d  i n  th e  same pavem ent m ig h t b e  c o n s id e r a b ly  h ig h e r
due  t o  t h e  h ig h e r  s t r a i n  r a t e ,  and t h i s  h ig h e r  f r a c t u r e  to u g h n e ss  w ould  
n e ed  t o  b e  m easu red  i n  a ' f a s t '  t e a t .  F o r  th e  c e m e n t-m o rta r  specim ens 
o f  S e r ie s  3 ,  4 and 5 , no s i g n i f i c a n t  change  in  t h e  v a lu e s  o f  th e  f r a c t u r e  
p a ra m e te r s  o c c u r re d  f o r  s t r a i n  r a t e s  g r e a t e r  th a n  a b o u t 1 ,0  pm /sec  ( i . e .  
’ f a s t ’ t e s t s ) .  I n s u f f i c i e n t  r e s u l t s  w ere  a v a i l a b l e  f o r  th e  a s p h a l t  beams 
i n  S e r i e s  6 to  make any c o n c lu s io n s  a b o u t  t h e  l i m i t i n g  s t r a i n  r a t e  above 
w h ich  th e  f r a c t u r e  p a ra m e te r s  w ere  i n v a r i a n t .
On th e  b a s i s  o f  th e  t e s t  r e n u l t s ,  i t  i s  su g g e s te d  t h a t ,  f o r  cem ented  
m a te r i a l s  su c h  a s  m o r ta r s  and c o n c r e t e s ,  a  s t r a i n  r a t e  i n  th e  r e g io n  o f  
1 ,0  pm /sec  i s  th e  b o r d e r l i n e  b e tw ee n  th o se  t e s t s  w hich  p ro d u c e  a p p ro x i­
m a te ly  c o n s ta n t  v a lu e s  o f  th e  f r a c t u r e  p a ra m e te r s ,  and th o s e  t e s t s  w h ich  
show a  m arked r e d u c t io n  i n  th e  m easu red  v a lu e s  o f  th e  f r a c t u r e  p a r a m e te r s .
5 . 2 . 2  R e q u irem e n ts  f o r  T e s t in g  M achine S t i f f n e s s  
The t e s t s  o f  S e r i e s  4 in d i c a t e d  t h a t  t h e  s t i f f n e s s  o f  th e  lo a d in g  m ach ine  
sy s te m  had a  c r i t i c a l  e f f e c t  on th e  p o s t - c r a c k in g  b e h a v io u r  o f  f r a c t u r e  
sp e c im en s  a f t e r  t h e  o n s e t  o f  r a p id  c ra c k  p r o p a g a tio n .  The b a la n c e  b e ­
tw een th e  s t r a i n  e n e rg y  s to r e d  i n  th e  lo a d in g  s e t - u p  and th e  e l a s t i c  
e n e rg y  s to r e d  i n  th e  sp e c im en  a t  t h e  p o in t  o f  f a i l u r e  m u st b e  c o n s id e r e d .  
T h is  b a la n c e  o f  e n e r g ie s  g o v e rn s  t h e  i n t e r a c t i o n  b e tw ee n  lo a d in g  sy s te m  
and sp e c im en  d u r in g  c r i t i c a l  c ra c k  p r o p a g a t io n .  I f  th e  lo a d in g  sy s te m  
i s  a  r e l a t i v e l y  ' s o f t '  o n e , e n e rg y  c an  b e  fe d  b a c k  i n to  t h e  specim en  
d u r in g  th e  p e r io d  o f  r a p id  c ra c k  p r o p a g a t io n .  T h is  i n f lu e n c e s  th e  ty p e
o f  f r a c t u r e  p roduced  by th e  sp e c im en . A ' s o f t '  sy s te m  can  p ro d u ce  a
c a t a s t r o p h ic  ty p e  f r a c t u r e  i n  a n o tc h e d  sp e c im en  t h a t  w ould o th e rw is e  
e x h i b i t  a  s t a b l e  o r  s e m i - s t a b l e  ty p e  f r a c t u r e .  H ence, th e  s t i f f n e s s  o f  
th e  lo a d in g  s e t - u p  c r i t i c a l l y  a f f e c t s  t h e  r e c o rd e d  sh ape  o f  th e  lo a d -  
d e f l e c t i o n  c u rv e  o f  a f r a c t u r e  sp e c im en  a f t e r  p e a k  lo a d ,  and th e r e f o r e  
a f f e c t s  th e  m easu red  v a lu e  o f  " •  M ost i n v e s t i g a t o r s  have  n e g le c te d  th e  
e f f e c t s  o f  m ach ine  s t i f f n e s s ,  and  have  o f t e n  f a i l e d  to  r e c o rd  a t a i l  
p o r t i o n  to  t h e i r  l o a d - d e f l e c t i o n  c u r v e s . N e v e r th e le s s ,  f o r  th e  beams 
te s t e d  i n  S e r ie s  4 , i t  was shown t h a t  a  coi u id e r a b l e  d e g re e  o f  p o s t -  
c ra c k in g  'd u c t i l i t y '  was p r e s e n t  i n  t h e  sp e c im en s .
The s t i f f n e s s  o f  b o th  th e  b a s i c  t e s t i n g  m ach ine  i t s e l f  and th e
lo a d in g  a p p a r a tu s  ne ed  to  b e  c o n s id e r e d  when d e s ig n in g  a lo a d in g  s e t - u p  
f o r  f r a c t u r e  t e s t s  on cem en ted  m a t e r i a l s .  G e n e ra l ly ,  i t  was found  t h a t  
a  h y d r a u l i c  t e s t i n g  sy s te m  was b e t t e r  th a n  a m e c h a n ic a l sy s te m , due 
f i r s t l y  to  th e  lo w e r  e n e rg y  l e v e l  s t o r e d  in  th e  h y d r a u l i c  sy s te m  u n d e r
lo a d ,  and s e c o n d ly  t o  th e  f a c t  t h a t  th e  h y d r a u l i c  sy s te m  c o u ld  n o t  
'f o l l o w - u p ' th e  specim en  d e f l e c t i o n  d u r in g  f a i l u r e  a s  q u ic k ly  a s  c o u ld  
th e  m e c h a n ic a l s y s te m s , I t  i s  u s u a l ly  p o s s ib l e  to  s t i f f e n  up a  t e s t i n g  
m ach ine  sy s te m  by in c lu d in g  some s o r t  o f  l o a d - a b s o r b e r  ( e .g .  a  s t e e l  
I -b e am ) in  s e r i e s  be tw ee n  th e  t e s t i n g  m ach ine  p l a t e n s  and th e  f r a c t u r e  
sp e c im en  ( s e e  F ig u re  4 .2 4 ) .  The lo a d in g  a p p a r a tu s  n o rm a lly  c o n s i s t s  o f  
a  lo a d in g  yo k e  o r  lo a d - s p r e a d e r  r i g  f o r  t r a n s f e r r i n g  th e  lo a d  from  th e  
m ach ine  . to  th e  specim en  and  a  sp e c im en  s u p p o r t  sy s te m . T e s ts  i n  S e r ie s  
4 i n d i c a t e d  t h a t  th e  s t i f f n e s s  o f  th e  lo a d in g  y o k e  e x e r c is e d  a  g r e a t e r  
i n f lu e n c e  on th e  ty p e  o f  f r a c t u r e  i n  th e  specim en  th a n  d id  th e  s t i f f n e s s  
o f  th e  m a ch in e  s y s te m , p r o v id e d  a  l a r g e - c a p a c i ty  hyd r a u l i c  m ach ine  sy s te m  
a s  b e in g  u s e d . F o r  th e  ' s o f t e r 1 m e c h a n ic a l sy s te m s  o f  S e r ie s  3 and 4 , 
th e  lo a d in g  m achine  i t s e l f  was p ro b a b ly  th e  m a jo r  c o n t r i b u t in g  f a c t o r  
to  th e  c a t a s t r o p h ic  ty p e  f r a c t u r e s  t h a t  w ere  r e c o rd e d .  The p r i n c i p l e  
i s  to  s t i f f e n  up b o th  th e  t e s t i n g  m ach ine  and t l  lo a d in g  a p p a r a tu s  
s u f f i c i e n t l y  so  t h a t  e n e rg y  i s  n o t  f e d  b a ck  i n t o  th e  specim en  d u r in g  
f a i l u r e  to  c a u se  an  u n r e p r e s e n d a t iv e l y  c a t a s t r o p h i c  ty p e  f r a c t u r e . The 
e n e rg y  s to r e d  i n  t h e  sp e c im en  i t s e l f  a t  f a i l u r e  m ust b e  c o n s id e r e d  in  
o r d e r  t o  p r e d i c t  w h e th e r  a  s t a b l e  o r  c a t a s t r o p h i c  ty p e  f r a c t u r e  s h o u ld  
r e s u l t  ( s e e  T ab le  4 . 1 1 ) .  F i n a l l y ,  th e  a u to g ra p h ic  r e c o r d e r  u se d  t o  m oni­
t o r  th e  f r a c t u r e  t e s t  s h o u ld  b e  c o m p a tib le  w ith  th e  t e s t i n g  s e t - u p ,  i . e .  
i f  a  ' s o f t e r '  lo a d in g  s e t - u p  i s  u n a v o id a b le ,  th e n  th e  r e c o r d e r  s h o u ld  be 
c a p a b le  o6 s u f f i c i e n t  r e s p o n s e  a t  f a i l u r e  to  th e  t r a n s i e n t  e f f e c t s  o f  
lo a d  and d e l .  c t i o n .
5 .3  A n a ly s is  o f  L o ad -D isp la ce m e n t C urves
The v a lu e s  o f  th e  f r a c t u r e  p a ra m e te r s  K and G a r e  com puted on th e  
b a s i s  o f  th e  lo a d  c o r r e s p o n d in g  to  a  w e l l - d e f in e d  u n s ta b le  a d v an c e  o f  
t h e  c r a c k . S e c t io n  2 .1  o u t l i n e d  th e  r e q u ir e m e n ts  f o r  a s a t i s f a c t o r y  
f r a c t u r e  t e s t .  T hese  r e q u ir e m e n ts  w ere  t h a t  t h e  t e s t  r e c o rd  s h o u ld  a llo w  
th e  v a lu e s  o f  lo a d  and c ra c k  e x te n s io n  a t  any p o in t  d u r in g  th e  t e s t *  and 
s p e c i f i c a l l y  a t  th e  p o in t  o f  i n s t a b i l i t y  o f  c ra c k  e x te n s io n ,  to  be a cc u ­
r a t e l y  m e asu re d . I n  o r d e r  f o r  th e  e n e rg y  b a la n c e  o f  e q u a t io n  1 .3  
( G r i f f i t h ’ s  e q u a t io n )  to  be s a t i s f i e d ,  s u f f i c i e n t  e l a s t i c  s t r a i n  e n e rg y  
m u st b e  s to r e d  i n  a  specim en  a t  th e  c r i t i c a l  p o in t  o f  f a i l u r e  to  'd r i v e '  
th e  p r o c e s s  o f  c ra c k  e x te n s i o n ,  i . e .  th e r e  m ust be a d e g re e  o f  sp o n ta n eo u s  
c r a c k  p r o p a g a tio n  i n  th e  sp e c im en . I f  t h i s  c o n d i t io n  i s  n o t  s a t i s f i e d ,  
th e n  th e  l o a d - d e f l e c t i o n  c u rv e  becom es d i f f i c u l t  t o  i n t e r p r e t  i n  te rm s
o f  th e  a c t u a l  p o in ; o f  i n s t a b i l i t y ,  R e f e r r in g  to  th e  c h a r a c t e r i s t i c  lo a d -  
d e f l e c t i o n  c u rv e  f o r  a d e e p -n o tc h e d  beam ( c /d  >, 0 ,5 )  ( s e e  F ig u re  4 .2 7 ) ,  
i t  i s  s e e n  t h a t  th e  change  i n  c o m p lia n ce  o f  th e  specim en  in  th e  r e g io n  
o f  th e  maximum lo a d  i s  c o n s id e r a b le ,  and i t  i s  t h e r e f o r e  d i f f i c u l t  to  
i n f e r  a  t r u e  f a i l u r e  c o m p lia n c e  f o r  su c h  a  sp e c im en . I n  a d d i t i o n ,  i t  
i s  d o u b t f u l  w h e th e r  such  a  d e e p -n o tc h e d  specim en  e v e r  e x p e r ie n c e s  sp o n ­
ta n e o u s  c ra c k  p r o p a g a t io n ,  due  to  i n s u f f i c i e n t  e l a s t i c  e n e rg y  b e in g  
s to r e d  in  th e  sp e c im en  a t  f a i l u r e .  The c h a r a c t e r i s t i c  lo a d - d e f l e c t i o n  
c u rv e s  f o r  th e  sh a l lo w  and  in te r m e d i a te  n o tc h e d  beams ( F ig u r e  4 .2 7 )  a r e  
e a s i l y  i n t e r p r e t a b l e  i n  te rm s o f  th e  i n s t a n ta n e o u s  v a lu e s  o f  lo a d  and 
c ra c k  e x te n s io n  a t  th e  o n s e t  o f  u n s t a b l e  f r a c t u r e .  T h is  r e q u ir e m e n t  
f o r  a  p ronounced  p e a k  to  th e  lo a d - d e f l e c t i o n  c u rv e  i s  c l o s e l y  l in k e d  to  
th e  u n c ra ck e d  le n g th  o f  th e  sp e c im en  ( s e e  e a r l i e r  s e c t i o n  5 .1 .3 ) .
C u rves w i th  i l l - d e f i n e d  p e ak s  a r e  d i f f i c u l t  t o  i n t e r p r e t  and can  le a d  
to  s u b s t a n t i a l  e r r o r s  i n  th e  c a l c u l a t i o n  o f  th e  f r a c t u r e  p a r a m e t e r s .
I t  m ig h t be, n e c e s s a r y  i n  th e  f u tu r e  d e v e lo p m e n t o f  s u i t a b l e  c r i t e r i a  
f o r  f r a c t u r e  t e s t s  on cem en ted  m a te r i a l s  to  l i m i t  th e  am ount o f  n o n -  
l i n e a r i t y  a l lo w a b le  i n  a  t e s t  r e c o r d ,  s i m i l a r  to  th e  l i m i t s  im posed  on 
f r a c t u r e  sp e c im en s  i n  th e  m e t a l l i c  f i e l d .  (F o r  a f u l l  d i s c u s s io n  o f  
th e  l i m i t s  o f  n o n - l i n e a r i t y  i n  m e t a l l i c  sp e c im e n s , s e e  r e f .  1 4 ) .
5 .3 .1  A n a ly s is  o f  th e  L o a d - D e f le c t io n  C urve  o f  a  2 5 ,4  mr N o tched  
Bend Specim en to  P ro d u c e  th e  E nergy R a te  Curve 
S e c t io n  4 .2 .4  (d ) r e p o r te d  t e s t s  on n o tc h e d  beams u s in g  a  lo a d - c y c l in g  
te c h n iq u e  in  o r d e r  to  o b t a in  s t a b l e  c ra c k  g ro w th . The beam i s  lo a d e d  
u n t i l  th e  c r i t i c a l  p o in t  o f  f r a c t u r e  i n s t a b i l i t y  i s  r e a c h e d ,  and th e  
lo a d  i s  th e n  r a p id l y  'dum ped ' b e f o r e  r a p id  c ra c k  p r o p a g a tio n  c an  o c c u r .
In  t h i s  w ay, i t  was p o s s ib l e  t o  make th e  c r a c k  grow i n  s t a b l e  in c re m e n ts  
th ro u g h  th e  beam u n t i l  f i n a l  f a i l u r e  o c c u r r e d . A f u r t h e r  exam p le  o f  
t h i s  te c h n iq u e  i s  g iv e n  i n  F ig u re  5 .1 ,  w h ich  shows a 2 5 ,4  mm n o tc h e d  
beam lo a d -c y c l e d  to  f a i l u r e .  The f i g u r e  r e p r e s e n t s  th e  a c t u a l  t ' s t  o u t ­
p u t  from  th e  beam , and th e  f a i l u r e  c u rv e  i s  shown draw n i n  d o t te d  l i n e s .  
Fo r a f u l l e r  d i& c .s s io n  o f  th e  s h a p e  o f  t h e  l o a d - d e f l e c t i o n  c u rv e ,  se e  
s e c t i o n  4 .2 .4  ( d ) . One e x t r a  p o in t  to  n o t i c e ,  ho w ev e r, i s  t h a t  th e  r e ­
lo a d in g  c o m p lia n ce  w h ich  i s  ta k e n  from  th e  m ost n e a r ly  s t r a i g h t  p o r t i o n  
o f  th e  c u rv e  f o r  e a c h  c y c le  i s  i d e n t i c a l  to  th e  f a i l u r e  co m p lia n ce  o f  
th e  p re v io u s  c y c le  a t  th e  p o in t  o f  u n s t a b l e  c ra c k  p r o p a g a tio n  when th e  
lo a d  was dumped. T h is  i s  shown by th e  s e r i e s  o f  p a r a l l e l  l i n e s  i n  th e
( N ’ t )  J  ‘u j o s g  u o . 1 = 1 = 0 1  l 0 l 0 - L
f i g u r e .  F o r  exam p le , th e  r e lo a d in g  c o m p lia n c e  o f  i ’ i s  i d e n t i c a l  to  th e  
co m p lia n ce  a t  f a i l u r e  f o r  th e  p r e v io u s  c y c l e ,  r e p r e s e n te d  by p o in t  i  on 
th e  f a i l u r e  c u rv e . The z e r o  lo a d  p o in t s  f o r  e a c h  s u c c e s s iv e  c y c le  a re  
found  by e x t r a p o la t i n g  th e  s t r a i g h t  l i n e  p o r t i o n s  o f  th e  r e lo a d in g  c u rv e s  
backw ards to  i n t e r s e c t  th e  z e ro  lo a d  a x i s .
F ig u re  5 .1  was a n a ly s e d  in  o r d e r  to  p ro d u c e  an e n e rg y  r a t e  c u rv e  f o r  
th e  beam , s im i l a r  to  th e  s c h e m a tic  r e p r e s e n t a t i o n  shown i n  F ig u re  1 .7 .
An e n e rg y  r a t e  c u rv e  i s  b a s i c a l l y  a  p l o t  o f  th e  e n e rg y  demand r a t e  a s  
th e  c ra c k  grow s v e r s u s  c ra c k  e x te n s i o n .  F o r  a  non-hom ogeneous m u lt ip h a s e  
m a te r i a l  l i k e  cem ent m o r ta r  o r  c o n c r e te ,  th e  e n e rg y  demi.nd r a t e  in c r e a s e s  
i n i t i a l l y  and th e n  a t t a i n s  th e  c r i t i c a l  v a lu e  o f  G , w hen sp o n ta n eo u s  
f r a c t u r e  can  o c c u r .  (See  p r e v io u s  d is c u s s io n  o f  t h i s  i n  s e c t i o n  1 .4 .1  
C ase 2 ) ) .  B e fo re  th e  p o i n t  o f  i n s t a b i l i t y ,  th e  e n e rg y  demand r a t e  i s  
n u m e r i c a l ly  e q u a l to  th e  e n e rg y  r e l e a s e  r a t e .
A num ber o f  d i s c r e t e  p o in t s  w ere  c h o sen  on th e  f a i l u r e  e n v e lo p e  o f  
F ig u re  5 .1 ,  and  th e  s t r a i n  e n e rg y  r e l e a s e  r a t e s  and v a lu e s  o f  i n s t a n t a ­
n e o u s  c ra c k  le n g th  w ere  e v a lu a te d  a t  e a c h  p o i n t .  T hese  c h o sen  p o in t s  a r e  
l i s t e d  a  to  n  i n  F ig u re  5 .1 .  The r e s u l t s  and a n a ly s i s  a r e  shown in  
T a b le  5 .4 .  U s in g  t h i s . t a b l e ,  a  p l o t  o f  th e  e n e rg y  demand r a t e  v e rs u s  
c ra c k  le n g th  c an  b e  draw n (assum ing  e n e rg y  demand r a t e  e q u a ls  e n e rg y  
r e l e a s e  r a t e  b e fo r e  i n s t a b i l i t y ) . B e fo re  t h i s  p l o t  c an  b e  d is c u s s e d ,  
th e  c u r r e n t  c o n c e p t  o f  th e  g row th  o f  r e s i s t a n c e  to  c ra c k  e x te n s io n  
d u r in g  a  t e s t  m ust b e  e x p la in e d .  T h is  c o n c e p t  i s  more f u l l y  d is c u s s e d  
i n  R e f . 22 p . 138 f f .  The e s s e n c e  o f  t h e  c o n c e p t i s  t h a t ,  a s  th e  c ra c k  
e x te n s io n  f o r c e  ( o r  s t r a i n  e n e rg y  r e l e a s e  r a t e )  G i s  in c r e a s e d  d u r in g  
a  t e s t ,  i t  i s  opposed  by an in c r e a s in g  r e s i s t a n c e  to  c ra c k  e x te n s io n  
( u s u a l ly  c a l l e d  8. by i n v e s t i g a t o r s  i n  th e  m e t a l l i c  f i e l d ,  b u t  n o t  to  
b e  c o n fu se d  w ith  th e  p l a s t i c  zo n e  s i z e  te rm .)  E q u il ib r iu m  b e tw een  G 
and R i s  m a in ta in e d  up to  th e  p o in t  o f  i n s t a b i l i t y .  (The c ra c k  e x te n s io n  
r e s i s t a n c e ,  R, may b e  th o u g h t o f  a s  a n a lo g o u s  to  th e  in c r e a s in g  r e s i s ­
ta n c e  to  p l a s t i c  d e fo rm a tio n  due  to  w ork  h a rd e n in g  i n  m e ta l s ,  w hich 
o p p o se s  th e  a p p l ie d  s t r e s s  i n  an o r d in a r y  t e n s io n  t e s t . )  By d e f i n i t i o n ,
G i s  e q u a l to  th e  v a lu e  o f  R a t  i n s t a b i l i t y  and beyond t h i s  p o in t ,  G 
i n c r e a s e s  m ore r a p id l y  w i th  c ra c k  g row th  th a n  d o e s R. G and R a re  
e q u a l  up to  th e  p o in t  o f  i n s t a b i l i t y ,  b u t  th e y  r e p r e s e n t  d i s t i n c t l y  
d i f f e r e n t  p h y s ic a l  e n t i t i e s  and have  a  d i f f e r e n t  f u n c t i o n a l  r e l a t i o n s h i p  
co th e  t e s t  v a r i a b l e s  c  and a . F o r  th e  n o tc h e d  bend sp e c im en s  b e in g  
c o n s id e r e d ,  G = T r(l-v 2) o 2c /E , b u t  th e  f u n c t i o n  R * f ( c , c )  i s  n o t  known.
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C o n s id e r  now F ig u re  5 ,2 ,  w h ic h  show s a  p l o t  o f  th e  s t r a i n  e n e rg y  
r e l e a s e  r a t e  G v e r s u s  c ra c k  le n g th  c ,  f o r  th e  beam o f  F ig u re  5 .1 .  T h is  
c u rv e  i s  d e r iv e d  d i r e c t l y  from  colum s 6 and 8 o f  T a b le  5 . 4 .  As th e  c ra c k  
g ro w s , so  t h e  v a lu e  o f  G i n c r e a s e s ,  u n t i l  a  pe ak  i s  re a c h e d  a t  p o in t  k  
( r e p r e s e n te d  a l s o  by p o in t  k  i n  F ig u re  5 . 1 ) .  A cc o rd in g  to  th e  e x p re s s io n  
f o r  G in  e q u a t io n  ( 1 . 8 ) ,  th e  s t r a i g h t  l i n e s  r e p r e s e n t in g  n ( l - u 2) o 2c /B  a r e  
draw n in  f o r  eac h  d i s c r e t e  p o in t  a  to  m in  th e  f i g u r e ,  and th e  e f f e c t i v e  
v a lu e  o f  th e  s lo p e  i r ( l - v 2) o 2/E  i s  shown on e a c h  s t r a i g h t  l i n e .  T h is  
v a lu e  i s  a  m easu re  o f  th e  m a c ro sc o p ic  s t r e s s  l e v e l  su r ro u n d in g  th e  c ra c k  
a t  t h a t  p a r t i c u l a r  p o i n t ,  and i s  e v a lu a te d  a c c o rd in g  to  s e c t i o n  3 .2 .2  i n  
o r d e r  to  ta k e  a c c o u n t  o f  th e  e f f e c t s  o f  th e  r e d u c e d  c r o s s - s e c t i o n  and 
th e  n o n - u n if o rm i ty  o f  s t r e s s e s .  The p o in t s  o f  i n t e r s e c t i o n  b e tw een  th e  
s t r a i g h t  l i n e s  and th e  G -c u rv e  r e p r e s e n t  th e  p r o c e s s  o f  c ra c k  g ro w th  
th ro u g h  th e  beam ( i . e .  th e  f a i l u r e  c u r v e ) , a s  d is c u s s e d  f u l l y  i n  
s e c t i o n  1 .4 .1 .
I t  i s  s u g g e s te d  ( s e e  r e f , 22) t h a t  < h p a r t i c u l a r  c ra c k  le n g th
in  th e  beam, t h e r e  i s  a  c o r r e s p o n d in g  B jne  su c h  h y p o th e t i c a l
R -c u rv e  i s  shown i n  F ig u re  5 .2 .  As tlv» _ re s s  l e v e l  i n  th e  beam in ­
c r e a s e s  , so  th e  v a lu e  o f  G in c r e a s e s ,  and th e  v a lu e  o f  R in c r e a s e s  
e q u a l ly  w ith  G. H ow ever, a t  p o in t  X, a  c r i t i c a l  p o in t  o f  i n s t a b i l i t y  
i s  r e a c h e d , th e  v a lu e  o f  G e x ce ed s  R, and  an  in c re m e n t o f  c ra c k  grow th  
o c c u r s ,  w h ich  i s  th e n  c h ec k ed  by an i n c r e a s e  i n  r e s i s t a n c e  to  c ra c k  ex­
t e n s io n  r e p r e s e n te d  by a n o th e r  R -c u rv e  f o r  t h i s  new in s t a n ta n e o u s  c ra c k  
l e n g th .  Once, th e  p e a k  v a lu e  o f  G a t  p o in t  k  i s  e x c e e d e d , th e  c ra c k  can 
c o n tin u e  grow ing  u n d e r  d e c r e a s in g  s t r e s s  l e v e l s  ( p o in ts  1 and m ).
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  pe ak  lo a d  p o in t  i n  F ig u re  5 .1  
( p o in t  h) d o e s n o t  r e p r e s e n t  th e  pe ak  G -v a lu e  o f  F ig u re  5 .2 ,  r e p r e s e n te d  
by p o in t  k  i n  F ig u re  5 .1 .  T h is  i s  i n  a g re em e n t w i th  th e  r e s u l t s  o f  
Brown i7 ', w ho, i n  u s in g  th e  l o a d - c y c l in g  te c h n iq u e ,, found  t h a t  th e  f r a c ­
t u r e  to u g h n e ss  in c re a s e d  w i th  c ra c k  e x te n s io n  a f t e r  th e  i n i t i a l  p o in t  
o f  u n s t a b l e  c ra c k  g ro w th , r e a c h e d  a  maximum, and th e n  t a i l e d  o f f .  The 
G -cu rve  o f  F ig u re  5 .2  i s  v e ry  s i m i l a r  to  th e  K -c u rv es  p ro d u ce d  by Brown. 
Brown fo u n d , how ever, t h a t  th e  f r a c t u r e  to u g h n e ss  o f  p u re  cem ent p a s te  
was a p p ro x im a te ly  c o n s ta n t  w i th  c ra c k  g ro w th , as o p posed  to  cem ent m o r ta r  
w hose  to u g h n e ss  seem s to  i n c r e a s e  w ith  c ra c k  g ro w th . F ig u re  5 .2  i n d i ­
c a t e s  t h a t  th e  e f f e c t i v e  to u g h n e ss  o f  cem ent m o r ta r  can  in c r e a s e  s i g n i f i ­
c a n t ly  ( e . g .  by  a s  much a s  60 p e r  c e n t)  a s  th e  c ra c k  grow s th ro u g h  th e  
sp e c im en , and t h i s  phenomenon in  i t s e l f  c o n s t i t u t e s  a c ra c k  a r r e s t  
m echanism  in  th e  beam.
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F ig u re  5 .2  i s  a  g r a p h ic  i l l u s t r a t i o n  o f  t h e  g row th  o f  a  c ra c k  
th ro u g h  a  n o tc h e d  sp e c im en , and le n d s  '• ..rj.d e rab le  s u p p o r t  t o  th e  hypo­
t h e t i c a l  c u rv e s  o f  F ig u re s  1 .5  and 1 .7 .
5 .4  C o n c lu d in g  Summary
The in v e s t ig a t io n s  in v o lv e d  in  th e  p r e p a r a t i o n  o f  t h i s  d i s s e r t a t i o n  w ere  
p r im a r i l y  a im ed a t  i d e n t i f y i n g  »nd i s o l a t i n g  th o s e  t e s t  v a r i a b l e s  w hich  
had a  s i g n i f i c a n t  e f f e c t  on th e  m e asu re d  f r a c t u r e  p a ra m e te r s  from  a 
f r a c t u r e  t e s t .  The p a r t i c u l a r  m a te r i a l  s e l e c t e d  f o r  t e s t i n g  was a 
P o r t l a n d  cem ent m o r t= t ,  a n d  th e  c o n c lu s io n s  draw n from  th e  t e s t s  s t r i c t l y  
a p p ly  o n ly  to  t h i s  m a t e r i a l .  (A few  a s p h a l t  beams w ere  a l s o  t e s t e d ,  b u t 
t h e i r  r e s u l t s  w ere  i n c o n c lu s iv e . )  F o l lo w in g  on  fro m  th e  v a r io u s  s e r i e s  
o f  f r a c t u r e  t e s t s  on n o tc h e d  beam sp e cim en s o f  th e  m o r ta r ,  i n i t i a l  
t e n t a t i v e  c r i t e r i a  f o r  v a l i d  f r a c t u r e  t e s t i n g  o f  cem en ted  m a te r i a l s  c o u ld  
b e  s u g g e s te d . T hese  c r i t e r i a  w ere  c o n ce rn e d  p r im a r i l y  w i th  specim en  s i z e  
re q u ire m e n ts  and th e  r e q u ir e m e n ts  f o r  a  s a t i s f a c t o r y  t e s t  s e t - u p .
The th r e e  f r a c t u r e  p a ra m e te r s  e v a lu a te d  fro m  th e  t e s t s  w ere  th e  c r i ­
t i c a l  s t r a i n  e n e rg y  r e l e a s e  r a t e  ( o r  c ra c k  e x te n s io n  f o r c e )  G ,  th e  
f r a c t u r e  to u g h n e ss  ( o r  c r i t i c a l  s t r e s s  i n t e n s i t y  f a c to r )* K  ,  and th e  
e f f e c t i v e  f r a c t u r e  s u r f a c e  e n e rg y  y . I t  was found  c h a t  i n i t i a l  n o tc h -  
d e p th  r a t i o s  ( c / d ) , d im e n s io n a l r a t i o s  o f  th e  specim en  ( b / d ) , lo a d in g  
r a t e s  u se d  d u r in g  th e  t e a t s ,  and t e s t i n g  m ach ine  s t i f f n e s s  a l l  had s i g ­
n i f i c a n t  e f f e c t s  m  th e  m easu red  v a lu e s  o f  th e  f r a c t u r e  p a r a m e te r s . I n  
a d d i t i o n ,  n o tc h e d  beams had  low er v a lu e s  o f  f r a c t u r e  to u g h n e ss  th a n  un­
n o tc h e d  beam s, w hich  was i n  a g re em e n t w i th  r e p o r te d  t e s t s  i n  th e  m e ta l l i c  
f i e l d .  The a v e ra g e  f r a c t u r e  to u g h n e ss  v a lu e  (K ) f o r  n o tc h e d  beams was 
0 ,7 3  MN/m1! 5 , w h ile  t h a t  f o r  un n o tc h ed  beams was 1 ,2 5  MN/m1) 5 . The a c tu a l  
s t a t e  o f  th e  s t r e s s / s t r a i n  f i e l d  a head  o f  th e  c ra c k  t i p  i n  a n o tc h e d  
specim en  seemed to  c r i t i c a l l y  i n f lu e n c e  th e  m easu red  f r a c t u r e  to u g h n e s s ,  
d e p en d in g  on w h e th e r  a p r e d o m in a n tly  p la n e  s t r e s s  o r  p la n e  s t r a i n  c o n d i t io n  
was p r e v a l e n t  i n  th e  beam . W id er, t h i c k e r  s e c t i o n s  su c h  a s  s la b s  gave  
lo w e r  v a lu e s  o f  th e  f r a c t u r e  to u g h n e ss  th a n  n a rro w e r , th in n e r  s e c t i o n s  
su c h  a s  deep  beam s. The s l a b  s e c t i o n s  w ere  c o n s id e r e d  to  a p p ro x im a te  
more t r u l y  to  th e  p la n e  s t r a i n  s t a t e  th a n  th e  deep  beam s.
C o n s id e r a b le  w ork i s  s t i l l  needed  b e f o r e  com p re h en s iv e  c r i t e r i a  f o r  
v a l i d  f r a c t u r e  t e s t i n g  o f  cem en ted  m a te r i a l s  c an  b e  draw n u p . I n  p a r t i c u ­
l a r ,  th e  p la n e  s t r e s s / p l a n e  s t r a i n  e f f e c t  (w hich  i s  d e p en d e n t on th e  r e ­
l a t i v e  specim en  d im e n s io n s )  and th e  n e c e s s a r y  a b s o lu te  s i z e s  o f  specim ens 
f o r  v a l i d  f r a c t u r e  t e s t i n g  ne ed  to  b e  s tu d i e d  i n  d e p th . I t  i s  p r o b a b le
C hat e a c h  p a r t i c u l a r  c l a s s  o f  cem en ted  m a te r i a l s  ( e .g .  h y d r a te d  c em e n ts , 
a s p h a l t  c em e n ts , t h e rm o p la s t ic  c em e n ts )  w i l l  r e q u i r e  a  d i f f e r e n t  s e t  o f  
t e s t  c r i t e r i a  s p e c i f i c a l l y  a p p l i c a b l e  t o  t h a t  c l a s s .  T h is  i s  b e c a u s e  
o f  th e  w ide  ra n g e  o f  b e h a v io u r  o f  d i f f e r e n t  cem en ted  m a t e r i a l s  u n d e r  
s t r e s s .  N e v e r t h e le s s ,  th e  c o n c e p ts  o f  s t r a i n  e n e rg y  r e l e a s e  r a t e  and 
f r a c t u r e  to u g h n e s s  a s  d e v e lo p e d  i n  th e  m e t a l l i c  f i e l d  a r e  a p p l i c a b l e  to  
cem en ted  m a t e r i a l s ,  and  g iv e  a m easu re  o f  th e  f r a c t u r e  s u s c e p t i b i l i t y  
o f  su c h  m a te r i a l s  i n  th e  p r e s e n c e  o f  n a t u r a l  o r  a r t i f i c i a l  n o tc h e s .  The 
develo p m e n t o f  s u i t a b l e  t e s t  c r i t e r i a  f o r  th e  v a l i d  f r a c t u r e  t e s t i n g  o f  
cem en ted  m a te r i a l s  i s  th e  f i r s t  l o g i c a l  s t e p  to w a rd s a p p ly in g  f r a c t u r e  
t e s t i n g  m ethods i n  th e  develo p m e n t o f  new and b e t t e r  m a te r i a l s  o f  
c o n s t r u c t io n .
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APPENDIX A
THEORETICAL COMPLIANCE -  NOTCH DEPTH RELATIONSHIP
The t h e o r e t i c a l  co m p lia n ce  -  n o tc h  d e p th  r e l a t i o n s h i p  i s  d e r iv e d  from  
th r e e  b a s ic  e q u a t io n s ,  v i z . i -
The e x p re s s io n  23 f o r  K : K = Y ■ (A. I )
w here  Y »  Aq + A] ( c /d )  + Ag ( c /d ) 2 + A3 ( c /d ) 3 + Att ( c / d ) ‘1
The e x p re s s io n  f o r  G in  te rm s  o f  th e  r a t e  o f  change  o f  c o m p lia n ce  w ith  
c ra c k  le n g th  11 :
(A .2)
and th e  r e l a t i o n s h i p  b e tw een  K and  0  :
k2 "(tSsj ■ CAl3)
The v a lu e s  o f  th e  c o e f f i c i e n t s  A a r e  to  h e  found  i n  T a b le  3 .1  i n  th e  
m ain  t e x t ,  f o r  th e  p a r t i c u l a r  ty p e  o f  b e n d in g  b e in g  c o n s id e r e d .
The c o m p lia n ce  L i s  d e f in e d  a s  :
1 -  A  .
w here  6 = beam d e f l e c t i o n  u n d e r  th e  lo a d  p o i n t s .  R e fe r  to  F ig u re  3 .1 .  
The b e n d in g  moment i n  th e  beam , M, f o r  th e  c a s e  o f  f o u r - p o in t  lo a d in g  
b e in g  c o n s id e re d  ( i . e .  p u re  b e n d in g ) ,  c a n  b e  w r i t t e n  a s ; -  
M = l / S l - S : )
„ 1 (Si - s2) (A .4)
The c o m p lia n ce  -  n o tc h  d e p th  r e l a t i o n s h i p  i s  th e n  d e r iv e d  a s  fo l lo w s  
From E q u a t io n  (A, 2 ) ,  dL = 2b^. G
S u b s t i t u t i n g  f o r  G fro m  e q u a t io n  (A ,3 ) ,  and  th e n  f o r  K from  e q u a tio n  
(A. 1)
w h ic h , by s u b s t i t u t i n g  f o r  M, r e d u c e s  t o  :
dc 5 ------------------- f
I n t e g r a t i n g  w i th  r e s p e c t  to  c : -
L = S C l-v ^ C S i - ,A .6)
2E d 3
The i n t e g r a l  y ’ ^ ^ d c  i s  an  i n t e g r a l  o f  a  p o ly n o m ia l f u n c t i o n  in  th e  
v a r i a b l e  ( c / d ) , i . e .  th e  n o tc h  d e p th  r a t i o .
L e t  J Y2 ( ! ) d c  -  Z (A .7)
From e le m e n ta ry  beam b e n d in g  th e o ry ,  a n  e x p re s s io n  f o r  E c an  b e  o b ta in e d  
f o r  a n  u n n o tc h ed  beam in  f o u r - p o in t  b e n d in g  ( s e e  F ig u re  3 .1 ) .  The 
e x p re s s io n  i s : -
,  * % < ,)  (1 .%
w h ere  I  = th e  second  moment o f  a re a  o f  th e  s e c t i o n ,  and i s  th e  s lo p e  
o f  th e  i n i t i a l  l i n e a r  p o r t i o n  o f  th e  l o a d - d e f l e c t i o n  c u rv e  f o r  th e  un­
n o tc h e d  beam.
W rit in g  th e  unn o tc h ed  c o m p lia n c e , L0 , a s : -
L0 ■ e q u a t io n  (A .S) can  be r e - w r i t t e n  a s  f o l lo w s :
S in c e  I  = bd 3/1 2 ,  t h i s  r e d u c e s  t o :
m '  -  ( » ,  -  *  K , )  ,
From e q u a tio n s  (A.G) and (A .7 ) ,  a  r e l a t i o n s h i p  b e tw een  c o m p lia n ce  L 
and c ra c k  d e p th  c ,  w here  c i s  in c lu d e d  in  th e  i n t e g r a l  Z , c an  now b e
w r i t t e n  down a s  f o l l o w s ; -
L -  c . H , ,up 2
A l t e r n a t i v e l y ,  a  more c o n v e n ie n t  fo rm  o f  e x p re s s io n  w h ich  e l im in a te s  
E i s  a  r e l a t i o n s h i p  b e tw een  L /L  and  c / d ,  w h ich  by  u s in g  e q u a t io n  (A .9) 
c an  b e  w r i t t e n  a s  fo l lo w s
,  _  9 ( l - v z ) ( S j  -  S2 ) 2
(S i -  i
w hich  f i n a l l y  r e d u c e s  to
E q u a t io n s  (A .10) and  (A .11) r e p r e s e n t  t h e  r e q u i r e d  c o m p lia n c e -n o tc h  
d e p th  r e l a t i o n s h i p s .
The i n t e g r a l  Z de p en d s on th e  specim en  d im e n s io n s , in c lu d in g  th e  c ra c k  
d e p th  r a t i o  c /d ,  and  on th e  ty p e  o f  b e n d in g  i n  th e  sp e c im en . I t  a l s o  
in c lu d e s  a  c o n s ta n t  w hich  c an  b e  e v a lu a te d  from  b o undary  c o n d i t io n s .
I n  p a r t i c u l a r ,  th e  c o n s t a n t  i n c lu d e s  th e  v a lu e  o f  P o i s s o n 's  r a t i o ,  v ,  
and e q u a tio n s  (A .10) and (A .11) a l s o  show  t h a t  th e  c o m p lia n c e -n o tc h  
d e p th  r e l a t i o n s h i p  i s  d e p e n d e n t on v .
-  0 ,2 0 3  m (8 in )
F o r  th e  p a r t i c u l a r  t e s t  g e o m e try ; - 
S j = 0 ,6 1 0  m (24 in )  
d = 0 ,1 0 2  m (4 in )
U sin g  t h i s ,  th e  v a lu e s  o f  Z us f u n c t i o n s  o f  c /d  and v , a s  o b ta in e d  from  
i n t e g r a t i n g  th e  e x p re s s io n  i n  e q u a t io n  A .7 and i n s e r t i n g  th e  bo u n d a ry  
c o n d i t i o n s ,  a p p e a r  i n  T a b le  A . l  be low .
T a b le  A .l V alues
v = 0 ,1 v = 0 ,1 5 v = 0 ,2
0 ,0 0 ,0 5 7 0 0 ,0 5 7 7 0 ,0 5 8 8
0 ,1 2 5 0 ,0 5 9 7 0 ,0 6 0 4 0 ,0 6 1 5
0 ,2 5 0 ,0 6 8 1 0 ,0 6 8 8 0 ,0 6 9 9
0 ,3 7 5 0 ,0 8 4 5 0 ,0 8 5 2 0 ,0 8 6 3
0 ,5 0 ,1 1 6 2 0 ,1 1 6 9 0 ,1 1 8 0
0 ,6 2 5 0 ,1 8 5 8 0 ,1 8 6 5 0 ,1 8 7 6
0 ,7 5 0 ,3 6 5 9 0 ,3 6 6 6 0 ,3 6 7 7
M ich th e  v a lu e s  o f  t h e  i n t e g r a l  Z e v a lu a te d ,  i t  i s  now p o s s ib l e  to  
e v a lu a t e  th e  c o m p le te  c o m p lia n c e -n o tc h  d e p th  r e l a t i o n s h i p  (A ,1 1 } , a n i  
th e  v a lu e s  o f  L /L  f o r  v a r io u s  c /d  r a t i o s  and d i f f e r e n t  v  v a lu e s  
a p p e a r  be low  in  T ab le  A .2 .
T a b le  A .2  Corop liance -M otch  D ep th  R e la t io n s h ip  
V a l u e s  o f  L /L 0
d V "  0 ,1  V a  0 ,1 5 0 , 2
0 ,0 - 1 ,0  1 ,0 1 ,0
0 ,1 2 5  1 ,0 4 7  1 ,047
0 ,2 5  1 ,1 9 5  1 ,192
0 ,3 7 5  1 ,4 8 2  1 ,477
0 ,5  2 ,0 3 9  2 ,0 2 6
0 ,6 2 5  3 ,2 6 0  3 ,2 3 2
0 ,7 5  6 ,4 1 9  6 ,354
2 ,0 0 7
3 ,1 9 1
6 ,2 5 4
T a b le  A .2  a p p e a rs  i n  g r a p h ic a l  fo rm  i n  th e  m ain  t e x t  a s  F ig ,  3 .3 .
APPENDIX B
SAMPLE CALCULATION FOR K C AND y
G and  K a r e  c a l c u l a t e d  a c c o rd in g  t o  th e  a s su m p tio n s  and p ro c e d u re  o u t ­
l i n e d  in  th e  m a in  t e x t  i n  s e c t i o n  3 .2 .4 .  The r e l e v a n t  e q u a t io n s  t o  be 
u se d  a r e  a s  fo l lo w s  
C a lc u la t io n  o f  K
w here  Y = 1 ,9 9  -  2 ,4 7 ( c /d )  + l 2 ,9 7 ( c . / d ) 2 -  2 3 ,1 7 ( c /d ) 3 + 2 4 , 8 0 ( c / d ) \  
C a lc u la t io n  o f  G
C a lc u la t iu n  o f  y
w h ere  Ap ^ = a r e a  u n d e r  th e  l o a d - d e f l e c t i o n  c u rv e , i . e .  th e  t o t a l  w ork 
done to  p ro d u ce  f r a c t u r e ,
and  Ag = a re a  o f  new f r a c t u r e  s u r f a c e s  p ro d u c e d , n o m in a lly  ta k e n  a s  tw ic e  
th e  c r o s s - s e c t i o n a l  a re a  o f  t h e  sp e c im en  a t  t h e  n o tc h  c r o s s - s e c t i o n .
The r e l e v a n t  c u rv e s  to  b e  u se d  i n  c a l c u l a t i n g  th e  f r a c t u r e  p a ra m e te r s  
a r e  a s  f o l lo w s s -
F i g .  (3 .2 )  w h ich  shows th e  f u n c t i o n  f ( c / d )  v e r s u s  th e  n o tc h -d e p th  
r a t i o  c /d .
P i g .  (3 .3 )  w h ich  shows th e  t h e o r e t i c a l  L /L q v e r s u s  c /d  r e l a t i o n s h i p  f o r  
t h e  sp e c im e n s .
a
( B . l )
(B .2 )
I t  i s  im p o r ta n t  to  p o in t  o u t  h e re  t h a t  th e  t h e o r e t i c a l  r a t h e r  th a n  th e
e x p e r im e n ta l ly  d e r iv e d  c o m p lia n c e -c ra c k  d e p th , r e l a t i o n s h i p  i s  u se d  to  de­
te rm in e  th e  f r a c t u r e  p a ra m e te r s .  T h is  t h e o r e t i c a l  c u rv e  i s  assum ed to  
a p p ly  f o r  a l l  s t r a i n  r a t e s ,  s in c e  a t  t h i s  s ta g e  th e  q u a n t i f i a b l e  e f f e c t  
o f  s t r a i n  r a t e ,  a s  d i s t i n c t  fro m  slow  c ra c k  g ro w th , on  c o m p lia n ce  i s  
n o t  known. The t h e o r e t i c a l  c u rv e  i s  a l s o  assum ed to  a p p ly  to  a n y  m a t e r i a l  
(p ro v id e d  th e  r e l e v a n t  P o i a s o n 's  r a t i o  v a lu e  v  i s  u se d )  and  to  r i c h e r  th e  
beam o r  s la b  sp e cim en s u s e d  in  th e  la b o r a to r y  t e s t s .  I t  was found  t h a t  
w h ile  t h e  e x p e r im e n ta l ly  d e r iv e d  c o m p lia n c e -n o tc h  d e p th  c u rv e  m ig h t b e  
d i s p l a c e d  l a t e r a l l y  fro m  th e  t h e o r e t i c a l  l i n e ,  n e v e r th e l e s s  th e  s lo p e s  
o f  th e  two c u rv e s  a r e  v e ry  s i m i l a r .  T h e r e fo r e ,  th e  t h e o r e t i c a l  l i n e  
a d e q u a te ly  r e p r e s e n t s  th e  change  i n  c o m p lia n c e , dL , w i th  c ra c k  g ro w th .
The m ethod o f  c a l c u l a t i n g  G and K in v o lv e s  u s in g  t h i s  AL to g e th e r
w ith  th e  known i n i t i a l  n o tc h  d e p th  o f  th e  sp e cim en s to  a r r i v e  a t  th e
f r a c t u r e  p a ra m e te r s ,  and i t  i s  th u s  a c c e p ta b le  to  u s e  th e  t h e o r e t i c a l
c u rv e . I n  a d d i t i o n ,  u s in g  th e  t h e o r e t i c a l  c u rv e  p r o v id e s  f o r  a
u n ifo rm  b a s i s  o f  a n a l y s i s  f o r  a l l  th e  t e s t s .  (S ee  R e f .  17 f o r  f u r t h e r  
d i s c u s s io n  o f  t h i s  s u b j e c t . )
I t  was s t r e s s e d  in  s e c t i o n  3 .2 .4  t h a t  th e  c a l c u l a t i o n  o f  G o r  K 
in v o lv e s  an  a s su m p tio n  a b o u t th e  i n s t a n ta n e o u s  v a lu e  o f  th e  c ra c k  d e p th  
Cc , and t h a t  u n c e r t a i n ty  a b o u t th e  v a lu e  o f  c a t  i n s t a b i l i t y  i s  p o s s ib l y
th e  l a r g e s t  s i n g l e  s o u r c e  o f  e r r o r  i n  f r a c t u r e  m e asu re m en ts .
Sam ple c a l c u l a t i o n s  o f  th e  f r a c t u r e  p a ra m e te r s  f o r  th e  2 5 ,4  mm n o tc h ed  
t e s t  specim en  r e p r e s e n te d  by beam 4 .5  o f  T a b le  4 .5  i n  C h a p te r  4 a re  
p r e s e n te d  be lo w . The a v e ra g e  v a lu e s  o f  E and L assum ed f o r  th e  c a lc u ­
l a t i o n  a r e  a s  f o l lo w s s -
E = 2 0 ,0  GPa
Lq = 2 ,0  m2/GN (N ote  t h a t  m2/GN i s  d im e n s io n a l ly
e q u iv a le n t  to  (GPa)- 1 ) .
C a lc u la t io n  o f  K
B end ing  Moment M 
R e fe r  to  F ig .  3 ,1 .  The r e l e v a n t  specim en  d im e n s io n s  a r e : -  
S j -  0 ,6 1 0  m S2 = 0 ,2 0 3  m
b = 0 ,1 0 2  m d » 0 ,1 0 2  m
I n i t i a l  N o tc h  d e p th  c = 2 5 ,4  nm
The B ending  Moment i n  th e  c e n t r a l  sp a n  j
„  .  Z  (=1 -  8%) (B .4)
w h ere  F = th e  t o t a l  lo a d  on th e  sp e c im en .
N o te  t h a t  6M/b.d2 ( e q u a t io n  B . l )  i s  e q u iv a le n t  to  th e  nom in a l t e n s i l e  
s t r e s s  a t  th e  e x tre m e  f i b r e  o f  t h e  beam , o .
C r i t i c a l  C rack  L eng th  
F o r  th e  2 5 ,4  mm n o tc h e d  beam b e in g  c o n s id e r e d : -  
I n i t i a l  C om pliance  = 2 ,8  mz /GN 
C om pliance  a t  F a i l u r e  » 3 ,7  m2/GN 
Change in  C om pliance  h i  = -  L . *  0 ,9  m2 /GN.
T ak in g  L , th e  a v e ra g e  un n o tc h ed  c o m p lia n c e , a s  2 ,0  mz /GN ( s e e  F i g .  4 .1 8 )  :~
From F ig .  3 . 3 ,  th e  c o m p lia n c e  r a t i o  L/'L f o r  a  2 5 ,4  mm i n i t i a l  n o tc h  i s : -  
—■ - 1 , 1 9 5  ( c /d  «  0 ,2 5 ) .
T h e r e f o r e ,  th e  co m p lia n ce  r a t i o  a t  f a i l u r e  i s : -
-  1 ,1 9 5  + 0 ,4 5  
= 1 ,6 5 .
U sing  F ig .  3 .3 ,  th e  n o tc h -d e p th  r a t i o  a t  f a i l u r e  i s : -  
-rp  «  0 ,4 1 8
and  th e  c r i t i c a l  c ra c k  le n g th  i s  t h e r e f o r e  c «  42^5 mm.
E v a lu a t io n  o f  'I 
From e q u a tio n  ( B . l ) ,  and  u s in g  c ^ /d  = 0 ,4 1 8 : -
Y = 1 ,9 9  -  2 ,4 7 ( 0 ,4 1 8 )  + 1 2 ,9 7 ( 0 ,4 1 8 ) 2 -  2 3 ,1 7 ( 0 ,4 1 8 ) 3 + 2 4 ,8 0 (0 ,4 1 8 )^  
= 2 ,2 8 9 .
F i n a l l y ,  u s in g  th e  f a i l u r e  lo a d  F = 2 ,8 3  kN, th e  f r a c t u r e  to u g h n e ss  Kc i s
o b ta in e d  fro m  e q u a t io n  ( B , l ) ; ~
-  0 ,7 8  MN/m1! 5
C a lc u la t io n  o f  Gc
E v a lu a t io n  o f  o ,  th e  n o m in a l s t r e s s  a t  Che r o o t  o f  th e  n o t c h : -
Prom e q u a tio n  ( 3 .6 )  = o 2
w here  h = d -  c c  = 0 ,0 5 9  m 
and  o = 6M 
b d 2
E v a lu a t io n  o f  f ( c / d )
F o r  c c /d  = 0 ,4 1 8 , f ( c / d )  fro m  F i g .  3 .2  i s s -  
f ( c / d )  -  0 ,4 9
T a k in g  P o i s s o n ’ s  R a t io ,  v ,  a s  0 , 1 ,  th e  S t r a i n  E nergy  R e le a s e  R a te  Gc i s  
th e n  c a l c u l a t e d  from  e q u a t io n  (B .2)
Gc = 3 4 ,0  N/m.
C a lc u la t io n  o f  y
From T a b le  4 . 5 ,  specim en  4 .5 ,  th e  t o t a l  w ork  done to  p ro d u ce  f r a c t u r e ,
r e p r e s e n te d  by th e  a re a  u n d e r  th e  l o a d - d e f l e c t i o n  c u rv e  f o r  th e  beam i s : -
Ag s = 0 ,4 4  Km.
Now, Ag f o r  a  2 5 ,4  mm n o tc h e d  beam i s  ta k e n  a s  tw ic e  th e  c r o s s - s e c t i o n a l
a r e a  a t  t h e  n o tc h ,  i . e .
A£ = 154 ,8 4  cm2
The E f f e c t i v e  F r a c tu r e  S u r f a c e  E nergy  y  i s  th e n  c a l c u l a t e d  from  
e q u a t io n  ( B .3 ) : -
y  «  2 8 ,5  N/m.
APPENDIX C
MIX DESIGN AND SPECIMEN PREPARATION FOR THE CEMENT MORTAR SPECIMENS
M ix D esign
A cem ent m o r ta r  r a t h e r  th a n  a .c o n c r e t e  was c h o sen  f o r  th e  l a b o r a to r y  
t e s t  program m e, b e c a u se  o f  i t s  g r e a t e r  d e g re e  o f  hom ogeneity  and th e r e ­
f o r e  more s im p l i f i e d  ty p e  o f  f r a c t u r e .  The m a te r i a l s  u se d  in  th e  mix 
w ere  a s  f o l l o w s : -
Cement R apid  H ard en in g  P o r t l a n d  Cem ent.
Sand H ashed sa n d  d e r iv e d  fro m  a  r e s i d u a l  g r a n i t e  p i t . (H a lfw ay - 
House g r a n i t e  dom e). The sand  was r e l a t i v e l y  c o a r s e  w i th  a  F in e n e s s  
M odulus o f  3 ,3 5  and a  R e la t iv e  D e n s i ty  o f  2 ,6 8 .
W ater P o t a b le  s ta n d a r d  and f r e e  from  c o n ta m in a t io n .
No a d d i t i v e s  o r  a d m ix tu re s  w ere  u se d  i n  th e  m ix.
Two m ixes w ere  u se d  d u r in g  th e  c o u rs e  o f  th e  la b o r a to r y  program m e..
B oth  w ere d e s ig n e d  a c c o rd in g  to  th e  P o r t l a n d  Cement I n s t i t u t e  m ethod 
i n  o r d e r  to  h av e  a d e q u a te  w o r k a b i l i ty  f o r  u s e  i n  th e  l a b o r a to r y  m ou lds . 
The d e s ig n  c o m p re s s iv e  s t r e n g t h  o f  th e  m ix e s , when m easu red  on 101 mm 
c u b e s , was 30 MPa a t  th e  tim e  o f  t e s t  w h ich  was n o m in a lly  s i x  d a y s  a f t e r  
c a s t i n g .  The u s e  o f  two m ixes was n e c e s s a r y  b e c a u se  th e  la b o r a to r y  t e s t  
programme sp a n n ed  a p e r io d  o f  f i v e  m o n th s , commencing in  w in te r  and t e r ­
m in a t in g  in  summ er. The h ig h e r  r a t e  o f  h y d r a t i o n  o f  th e  cem en t i n  th e  
w arm er w e a th e r  a llo w e d  a r e d u c t io n  i n  th e  p a s t e  c o n te n t  o f  th e  m ix .
The p r o p o r t io n s  p e r  c u b ic  m e tre  o f  th e  two m ixes a r e  g iv e n  below  in  
T a b le  C . l .
T a b le  C . l  Mix P r o p o r t io n s  f o r  Cement M o rta r
W in te r  Mix Summer Mix 
(kg)
476R apid  H ard en in g  Cement (c)
W ater (w) 
Sand ( s )  
c /w  r a t i o  
s / c  r a t i o
(kg)
1 ,71 ,8
2 ,976
M ix ing  and C a s t in g  T echn ique
The m o r ta r  was m ixed  i n  a  r o t a r y  p a n  m ix e r .  The tim e  o f  m ix in g  was 
a p p ro x im a te ly  f o u r  m in u te s ,  The s t e e l  m oulds u se d  f o r  c a s t i n g  th e  bests 
sp e cim en s c o n s i s t e d  o f  c h a n n e l s e c t i o n s  b o l t e d  t o g e th e r  to  fo rm  a 
m ould w ith  n o m in a l d im e n s io n s  o f  101 x  101 x 710 mm. The sp e cim en s 
w ere  c om pac ted  i n  th e  s t e e l  m oulds by  p l a c in g  them on th e  v i b r a t i n g  
t a b l e  o f  a  'V e eb e e 1 C o n s is to m e te r  f o r  a p p ro x im a te ly  f o u r  m in u te s ,  u n t i l  
t h e  e n tra p p e d  a i r  had  be en  e x p e l l e d . I n  th e  c a s e  o f  th e  n o tc h e d  beam s, 
t h e  s t e e l  n o tc h -f o r m e r s  ( s e e  F i g .  4 .1 )  w ere  f i x e d  o n to  a v e r t i c a l  s id e  
o f  th e  mould in  o r d e r  t h a t  a  sm ooth  f l a t  s u r f a c e  f o r  lo a d in g  and  s u p p o r t  
w ould  b e  p ro d u ce d . C are  was ta k e n  to  p r o p e r ly  com pact th e  m ix a ro u n d  
th e  n o tc h - f o r m e r s .  No p ro b lem s w i th  w o r k a b i l i t y ,  s e g re g a t io n  o r  b le e d in g  
w ere  e n c o u n te re d  d u r in g  m ix in g  and c a s t i n g .  I n  a d d i t i o n  to  th e  beams 
c a s t  from  a  m ix , th r e e  cu b es (101 mm) p e r  m ix  f o r  c o n t r o l  on c o m p re ss iv e  
a c r e n g f b  w ere  a l s o  c a s t .
S t r i p p in g  and C u rin g  o f  Specim ens
A f t e r  c a s t i n g ,  th e  specim ens w ere  c o v e re d  w i th  damp c h e e s e c lo th  and l e f t  
f o r  tw e n ty -f o u r  h o u rs  to  s e t .  G re a t c a r e  had  to  b e  e x e r c is e d  in  s t r i p p i n g  
and rem oving  th e  specim ens from  th e  m o u ld s , i n  o r d e r  to  p r e v e n t  damage 
a t  th e  n o tc h e d  c r o s s - s e c t i o n .  The sp e cim en s w ere  th e n  subm erged  in  a 
w a te r  b a th  and l e f t  to  c u re  u n t i l  th e  tim e  o f  t e s t .  The w a te r  b a th s  
w ere  s i t u a t e d  i n  th e  la b o r a to r y  and  no c o n t r o l  o v e r  w a te r  te m p e ra tu re  
was e x e r c is e d .  The a m b ien t te m p e r a tu re  i n  th e  l a b o r a to r y  d u r in g  w in te r  
was be tw een  5 to  15°C , and d u r in g  summer b e tw ee n  15 to  25°C . ' The s p e c i ­
mens w ere  removed from  th e  w a te r  b a th  im m e d ia te ly  p r i o r  to  t e s t i n g ,  and 
th e  t e s t s  w ere  c o n d u c te d  w ith  th e  sp e cim en s i n  a s u r f a c e  w et c o n d i t io n .
F o r  th e  p r o t r a c t e d  t e s t s  i n  S e r i e s  3 ,  th e  sp e cim en s w ere  s h e a th e d  and 
s e a le d  i n  p l a s t i c  b a g s p r i o r  to  t e s t i n g  to  p r e v e n t  them from  d r y in g  o u t 
d u r in g  t e s t i n g .  Any e x tra n e o u s  e f f e c t s  due to  sh r in k a g e  w ere  th u s  ex ­
c lu d e d  from  th e  t e s t  r e s u l t s .
APPENDIX D
DETAILS OP APPARATUS USED IN THE LABORATORY TEST PROGRAMME
A p p a ra tu s  D eve loped  i n  th e  L a b o ra to ry
Load S p re a d e r  R ig  (L o ad in g  Yoke)
(a )  O r i g in a l  R ig . The o r i g i n a l  lo a d  s p r e a d e r  r i g  i s  shown in  
F i g .  D .l ( f u l l  l i n e s ) ,  and was u se d  f o r  th e  t e s t s  o f  S e r i e s  1 , 2 , 3 
and  p a r t  o f  S e r ie s  4 .  I t  c o n s i s t e d  o f  a  2 5 ,4  mm sq u a re  s e c t i o n  s t e e l  
beam w ith  1 2 ,7  mm b r i g h t  s t e e l  ro d  lo a d  p l a t e n s  i n  s u i t a b l e  m ou n tin g s 
a t  e i t h e r  end  so  a s  t o  p ro d u c e  a  lo a d in g  sp a n  o f  203 mm.
(b) M o d if ie d  R ig , When i t  was r e a l i s e d  t h a t  th e  o r i g i n a l  r i g  was 
p r e v e n t in g  th e  o c c u r re n c e  o f  m ore s t a b l e  ty p e  f r a c t u r e s  due to  th e  
s t r a i n  e n e rg y  s to r e d  i n  i t  a t  th e  p o in t  o f  f r a c t u r e  i n s t a b i l i t y ,  th e  
r i g  was m o d if ie d  by in c r e a s in g  th e  s e c t i o n  o f  th e  lo a d in g  beam to  a
2 5 ,4  mm w ide  by 5 0 ,8  mm de ep  s t e e l  s e c t i o n  ( s e e  F ig .  D . l ,  d o t t e d  l i n e s ) . 
T h is  e f f e c t i v e l y  s t i f f e n e d  up th e  r i g  by a  f a c t o r  o f  a b o u t e ig h t ,  and 
c o n s id e r a b ly  r e d u c e d  th e  S t r a i n  e n e rg y  w h ich  c o u ld  b e  s to r e d  in  th e  r i g .  
The m o d if ie d  r i g  was u se d  f o r  c e r t a i n  t e s t s  o f  S e r ie s  4 ,  and a l l  th e  
t e s t s  i n  S e r ie s  5 and  6.
D e f le c t i o n  R ig
(a )  O r i g in a l  S e t-U p . The d e f l e c t i o n  r i g  was d e s ig n e d  i n  o r d e r  to  
s u p p o r t  th e  LVDT's o v e r  th e  lo a d  p o i n t s .  I t  was made fro m  12 x 3 mm 
f l a t  s t e e l  s e c t i o n s  b o l t e d  to g e th e r ,  a s  in  F ig .  D .2 ( a ) .  The r i g  r e s t e d  
on th e  to p  f a c e  o f  th e  sp e cim en s o v e r  th e  specim en  s u p p o r t  p o in t s  by 
meariti o f  1 2 ,7  mm s u p p o r t  b a r s ,  T h is  e x c lu d e d  e x tra n e o u s  d e f l e c t i o n s  
due  to  l o c a l  c ru s h in g  o v e r  th e  sp e c im en  s u p p o r t  p o in ts  from  th e  r e s u l t s .  
The LVDT's w ere  m ounted in  s u i t a b l e  c lam ps w hich  w ere  c e n t r e d  o v e r  th e  
l o a d in g  p o i n t s ,  and th e  p lu n g e rs  o f  th e  LVDT's r e s t e d  on th e  e n d s o f  
th e  lo a d  s p r e a d e r  r i g .  T h is  s e t - u p  a p p l ie d  to  th e  t e s t s  o f  S e r ie s  1 . 
The d e f l e c t i o n s  w ere  th u s  m easured  th ro u g h  th e  lo a d  p l a t e n s ,  and th e  
d e f l e c t i o n  m easu rem en ts w ere  a l l  u n r e l i a b l e  tc  some d e g re e . (See  a l s o
F i g ,  4 .3  i n  t h e  m ain  t e x t } .  The LVOT clam ps had p r o v is io n  f o r  z e r o in g  
th e  LVDT's b e f o r e  t e s t i n g ,
(b) R e -d e s ig n e d  S e t-U p . The d e f l e c t i o n  m e asu r in g  s e t - u p  was r e ­
d e s ig n e d  fo x  S e r ie s  3 t o  6 . T h is  m o d if ie d  s e t - u p  was d e s ig n e d  i n  o r d e r  
to  e l im in a t e  unw anted  d e f l e c t i o n s  due  to  l o c a l  c ru s h in g  u n d e r  th e  lo a d  
p l a t e n s  fro m  th e  d e f l e c t i o n  r e a d in g s .  A se co n d  r i g  was d e s ig n e d  w hich  
s t r a d d le d  th e  r i g  d e s c r ib e d  in  (a )  above and c o u ld  clam p o n to  th e  s p e c i ­
men u n d e r  th e  lo a d  p o in t s  a t  th e  no m in a l n e u t r a l  a x i s .  The p lu n g e rs  
o f  t h e  LVOT’ s  th e n  r e s t e d  on th e  c r o s s - b a r s  o f  t h i s  c lam p in g  r i g  ( s e e  
F ig .  D ,2 (b )  ana  F ig .  4 .1 6  in  th e  m ain  t e x t ) . The LVDT’ s  th e m se lv e s  con­
t in u e d  to  b e  h e ld  i n  th e  o r i g i n a l  r i g  w h ich  r e s t e d  o v e r  th e  s u p p o r t  
p o i n t s .  T h is  a llo w e d  o n ly  th e  t r u e  e l a s t i c  d e f l e c t i o n s  o f  th e  beam u n d e r  
th e  lo a d  p o in t s  to  b e  m e asu re d , and a l l  e x tra n e o u s  d e f l e c t i o n s  w ere  ex ­
c lu d e d  from  th e  r e s u l t s .
E le c t r o n i c  T e s t in g  A p p ara tu s
E le c t r o n ic  Load C e ll  
Made by Ryowa E le c t r o n ic  I n s tr u m e n t s  Co. L t d . , Tokyo, J a p a n .
Type : Kyowa S t r a i n  Gauge B ased L oad C e l l ,  C o m p re ss io n /T e n s io n ,
S e r ie s  No. LU-2TB.
C a p a c ity  : 20  kZf.
B r id g e  V o lta g e  : 1 0 ,0  V D.C.
O u tp u t V o lta g e  S e n s i t i v i t y  : 2 mV/V + 0 ,2  p e r  c e n t .
L in e a r  V a r ia b le  D i f f e r e n t i a l  T r a n s fo rm e rs  (LVOT's)
Two LVDT's w ere  u se d , made by  G .L . C o l l i n s  C o r p .,  Long B each , C a l i f o r n i a ,  
T ra n sd u c e r  L en g th  • 20 mm.
T ra n sd u c e r  D ia m ete r  : 10 mm.
L in e a r  Range ; + 1 ,0  mm.
L i n e a r i t y  : a p p ro x . 0 ,8 0  p e r  c e n t  F u l l  S c a le .
E x c i t a t i o n  ; 5 ,5 3  V D.C.
The o u tp u ts  fro m  th e  two LVDT's w ere  e l e c t r i c a l l y  summed b e f o r e  b e in g  
fe d  i n to  th e  a u to g ra p h ic  r e c o r d e r  b e in g  u se d .
P i n  t o  P ro v id e  5 e l f -  
C -e n k e r in ^  o f  R .i^
I2,7(nm feriqht 
S t e e l  R o o ^ — |- 
L o a d  P l a t a n s  •
M
Side. E 'e»vaiion
A l l  t i i r n e n 's io f is
25 ,1 }. m rn  S ^ u o .r e _ ^
" S t e e l
p a ,
*
I-----
S a d  ion. A-A
t ^ C L s l ie .d  L i n e s  ’R e p re 's e .n L  M o d i f i c - a t i o n  t o  fi.i 
W e l d e . < i  S k e . e - 1  C o n s & r u c t z i "  o n .
Flii.D .l b E T A t t - s  o r  O r i g i n a l  a n d  M o p i r ^ g p  
L P A D -  S P R . E A D K R
F i % D .2 ( a )  D e t a i l s  o r  D e f l e c t i o n  
S uPPOR-TIMG THE L V D T 's
15 * 1,5; mm 5H. 
M eta! Sec.bi 6  rnm TkreatU J- 
iio<J.'s s N^
l i t  f o r  J
or blabs |
s  t
A ll l^ tr n e n s io n s  S c .r eu i>  i o C l a m p  2-iei or>to  'S p e c ir
in m m  a t  N o m in e /  iV du tr*1  A x is
S i e i e  E t t v c i i z i o n  E n d  E la .v a .k i  o n
R b .  D .2- ( b )  D E T A I L S o p  C l a m p i n g . K  i e.
Pow er Supply  M odules 
A s e p a r a t e  pow er s u p p ly  m odule was u se d  to  pow er th e  lo a d  c e l l  and th e
Type : L oad C e ll  M odule : O p e r a t io n a l  A m p lif ie r  (0A2) M odule 
LVDT M odule ; Type IC  1 0 0 /6 ,
Made by C o u ta n t E l e c t r o n i c s  L t d . ,  R e ad in g , E n f ila rd .
Pow ered  by 220 V A .C. m ains v o l t a g e .
A u to g ra p h ic  R e c o rd e rs
(a )  W atanabe X-Y R e c o rd e r ,  Made by M atanabe I n s t r u c ie n ts  C o r p .,  
T okyo, J a p a n ,
M odel WX 4 1 1 , F l o a t i n g  D i f f e r e n t i a l  I n p u t .  .
E f f e c t i v e  W rit in g  A rea  : X s c a l e  : 380 mm, Y s c a l e  : 250 mm.
R esponse  o f  R e co rd e r  :
Band W idth = 1 ,0  Hz f o r  X a x is  
Band W idth * 1 ,2 5  Ha f o r  Y a x is
(w here  B.W. i s  d e f in e d  a s  th e  f re q u e n c y  r e s p o n s e  a t  70 p e r  c e n t  o f  
maximum a m p l i tu d e ) .
Maximum F re q u en c y  R esp o n se  a t  Maximum A m p li tu d e :-  
G„6 Hz f o r  X a x i s ;  0 ,8  Hz f o r  Y a x i s .
R is e  tim e  i n  se co n d s 
X a x i s  : 0 ,3 5  s e c ;  Y a x i s  : 0 ,2 8  s e c .
(b ) N .E .P . U l t r a  V io l e t  R e c o rd e r .  Made by New E le c t r o n ic  P r o d u c ts
L t d . ,  London, E ng land .
Type 1050 , 12 g a lv a n o m e te r  c h a n n e ls  r e c o r d in g  on U l t r a  V io l e t  s e n s i t i v e  
p a p e r  on a c h a r t  r o l l .
R esponse  o f  R e c o rd e r  :
Undamped N a tu ra l  F re q u en c y  o f  G a lv an o m e te rs  : .  30 to  40 Hz.
Band W idth  ta k e n  a s  60 p e r  c e n t  o f  40 Hz, i . e .  24 Hz.
R is e  tim e  in  s e c o n d s : -  0 ,0 1 4  s e c .
S t r a i n  G auges M ounted on C opper I - S e c t io n s  
The c o p p er  1 - s e c t io n s ,  w i th  p r o v is io n  f o r  end a n ch o rag e  in to  th e  s p e c i ­
men, w ere  made o f  0 ,5  mm a n n e a le d  c o p p er  s h e e t  and had v a r i a b l e  gauge 
l e n g th s  d e p en d in g  on th e  w id th  o f  specim en  i n t o  w h ich  th e y  w ere  c a s t .  
The s t r a i n  g auges w ere  bonded on to  t h e  c e n t r e  o f  th e  c o p p er  s e c t i o n s ,
and w ere  o f  t h e  f o l lo w in g  C y p e :-
Type i Kyowa E l e c t r i c a l  R e s is t a n c e  F o i l  G auges, U n id i r e c t io n a l .
Gauge L en g th  : 2 mm 
Gauge F a c to r  : 2 ,1 2  
Gauge R e s is t a n c e  : 120 fi.
The gauges w ere  te m p e r a tu re  com pensa ted  by in c lu d in g  them e l e c t r i c a l l y  
i n  a  b r id g e  c i r c u i t  w i th  a  dummy gauge bonded  o n to  a  s e p a r a t e  copper 
s t r i p .  The dummy ga u g es  w ere  i d e n t i c a l  to  th e  a c t i v e  g a u g e s . How ever, 
th e y  w ere  n o t  c a s t  i n t o  any  m o r ta r  sp e c im e n s . I t  w as found  t h a t  th e  
g a u g es  to o k  a b o u t h a l f  an  h o u r to  come to  a  te m p e r a tu re  e q u i l ib r iu m  and 
a l lo w  th e  e l e c t r i c a l  o u tp u t  to  s t a b i l i s e  b e f o r e  a  t e s t .  A f t e r  th e  t e s t s  
i t  w as r e a l i s e d  t h a t  a  b e t t e r  p ro c e d u re  w ould h av e  be en  t o  bond  th e  
dummy gauges a t  r i g h t  a n g le s  t o  th e  a c t i v e  gauges on th e  same c o p p er  
I - s e c t i o n ,  and th e n  to  c o r r e c t  th e  t e s t  o u tp u t  l a t e r  f o r  th e  P o i s s o n 's  
R a t io  e f f e c t  o f  th e  dummy g a u g e .
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